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Acid Mine Drainage (AMD) originating from abandoned hardrock mines characteristically has 
high concentrations of potentially toxic metals, such as Cu, as well as dissolved and particulate 
forms of Al and Fe. Free copper (Cu2+) is a well-known contributor to heavy metal toxicity in 
aquatic systems. The bioavailability of Cu2+ is influenced by aqueous complexation, with humic 
(HA) and fulvic acids (FA) being especially important ligands. This research focused on 
examining changes in the binding affinity of fulvic acid (FA) that result from its chemical 
fractionation, which occurs by FA sorption to hydrous iron and aluminum oxides (HFO and 
HAO). FAs used in this study were collected from three alpine watersheds in Central Colorado 
(Upper Snake River, Colorado Gulch, and St. Kevin’s Gulch). Variability in spectroscopic 
properties of SUVA254 and fluorescence index (FI) was a result of chemical fractionation, 
watershed source, and season. Graphs of SUVA254 verses FI revealed FA from pristine waters 
shifts from characteristics of being aromatic, allochthonous in the spring/summer to less 
aromatic, autochthonous in the fall/winter. In the confluence where AMD impacted streams mix 
with the pristine streams, SUVA254 verses FI graphs show the effect of fractionation resulting in 
less aromatic FA. Measurements of Cu2+ in solution by an ion selective electrode (ISE) and acute 
copper toxicity tests (D. magna)  revealed that FAs remaining in the water column after 
fractionation have less binding affinity and/or capacity than DOC in aquatic systems without the 
presence of HFO and HAO. FA fractionated in the laboratory, and under natural conditions 
(confluence sites) had lower acute copper EC50 values (20 to 96 µg Cu/L) than unfractionationed 
FA, suggesting a decrease in Cu binding affinity and/or capacity associated with fractionated FA. 
Site FA from pristine tributaries also had variability in EC50 values (48 to 146 µg Cu/L) that is 
likely related to variations in source and seasonality. The binding affinity of DOC is related to its 
iv 
 
aromaticity, which is characterized by SUVA254 for which low SUVA relates to lower binding 
capacity/affinity of DOC and a resulting higher concentration of Cu2+ in solution, as measured 
with a cupric ion specific electrode (ISE). Variability in DOC-Cu binding affinity in alpine AMD 
impacted watersheds is likely a significant factor in copper toxicity in aquatic systems and 
should be included in toxicological modeling programs such as the Biotic Ligand Model (BLM). 
Findings from this research suggest a further need to characterize DOC due to the inherit source 
variability and fractionation processes in AMD impacted watersheds. Therefore, additional work 
would better refine the BLM in order to accurately predict acute copper EC50 values, which are 
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BACKGROUND AND RESEARCH OBJECTIVES 
 
 
Historic mining in the Rocky Mountain Region (Colorado, New Mexico, Wyoming, 
Montana, Utah, etc.) has resulted in a legacy of contamination that continues to impact aquatic 
and terrestrial ecosystems. Mining activities that occurred in the 1800s to early-1900s resulted in 
widespread generation of mine waste and improper closure of mine workings that is estimated to 
total to approximately 500,000 abandoned mine sites (Abandoned Mine Lands Portal, accessed 
November 2015). Acid mine drainage (AMD) from abandoned mines continues to be a 
considerable source of metals contamination, especially in regions of mineralized sulfide (S2-) 
deposits. AMD is classified as drainage that originates from surface and underground mine 
workings where water is in direct contact with acid-generating sulfide deposits. Acidity (as H+) 
in AMD is generated primarily by oxidation and hydrolysis reactions involving pyrite (FeS2), 
ferrous (Fe2+) and ferric (Fe3+) iron (Langmuir et al., 1997): 
1) FeS2(s) + 3.5O2 + H2O →Fe2+ + 2SO42-(aq) + 2H+ 
2) Fe2+ + 0.25O2 + H+ → Fe3+ + 0.5H2O 
3) FeS2(s)  + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42-(aq) + 16H+  
4) Fe3+ + 3H2O → Fe(OH)3(am) + 3H+ 
It is known that acidophilic bacteria (Thiobacillus thiooxidans, Thobacillus ferooxidans, and 
Sulfolobus acidcaldarius) are essential to accelerated pyrite oxidation reactions associated with 
AMD formation (Brock and Gustafson, 1976; Silverman, 1967). The mechanisms of pyrite 
oxidation may be direct or indirect oxidation where direct oxidation occurs on the surface of 
pyrite and indirect is involves the oxidation from ferrous to ferric iron (Step 2 above) and 
oxidation of sulfide to sulfate (Brock and Gustafson, 1976; Silverman, 1967).  
2 
 
AMD from mineralized sulfide sources characteristically has low pH (pH <4.0), high ionic 
strength, and substantial concentrations of toxic metals (i.e., Pb, Cd, As, Cu, Zn). Most streams 
in the Rocky Mountain Region have limited buffering capacity (as bicarbonate/carbonate 
alkalinity) due to the smaller proportion of carbonate sedimentary rocks as compared to silicate-
mineral igneous and metamorphic rocks. Therefore, at confluences where acidic water mixes 
with non-impacted water a common result is a decrease in pH and increase in toxic metal 
concentrations relative to the non-impacted tributary. The result of lowered pH and increased 
concentrations of toxic metals is aquatic systems that contain stressed or non-existent 
populations of aquatic organisms. In addition to AMD, acid rock drainage (ARD) also produces 
acidity and metals through sulfide oxidation and is considered to be naturally occurring. ARD 
occurs where mineralized veins with pyrite that are exposed at the surface undergo oxidation.  
Mining-influenced water (MIW) is a general term to describe waters whose chemistry has 
been influenced by mining related activities and include AMD/ARD (USEPA, 2014). MIW can 
be either acid or alkaline. The EPA estimates that approximately 10,000 miles of receiving 
waters have been affected by MIW (USEPA, 2014). Toxicity is highly dependent on the form of 
the metal (i.e., chemical speciation), which is controlled by water composition. Several 
computational approaches that consider aquatic chemistry have been used to calculate 
toxicological thresholds (i.e., LC50) and establishment of ambient water quality criteria for 
streams (USEPA, 2007a). A key process considered in these models is the formation of aqueous 
complexes between metals and dissolved ligands, with dissolved organic carbon (DOC) being a 
particularly important ligand for most waters. The key role of DOC, and the importance of DOC 
characteristics on this process, is the motivation for the research focus of this dissertation. Many 
remedial approaches used by governing agencies to mitigate AMD contamination require 
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accurate representation of aquatic toxicity of metals as part of establishing clean-up goals, 
although treatment generally focuses on reduction of acidity (USEPA, 2007a).   
 
 
1.1 Aquatic Metal Toxicity In Natural Waters 
 
Metal toxicological effects exhibited by aquatic organisms include decline in reproductive 
capabilities (De Schamphelaere et al., 2004; Pagenkopf, 1983), stunted growth (Paquin et al., 
2002; Ryan et al., 2004), loss of olfactory senses (Azizishirazi et al., 2015) and mortality. In 
aquatic organisms, acute copper toxic effects are considered to be a result of inhibition of Na+ 
uptake due to Cu2+ binding at the gill interphase (Paquin et al., 2002). This inhibition of Na+ 
uptake by Cu2+ at the gill interphase results in disruption of Na+ and K+-ATPase activity and 
eventually an ion imbalance in the blood stream (Pyle et al., 2003; Wood, 2001). In addition, 
other effects of copper toxicity include damage to internal organs and neurological systems if 
Cu2+ is introduced into the bloodstream (Paquin et al., 2002). Metal toxicity to aquatic organisms 
is measured by laboratory toxicological testing and is often described by the effective or lethal 
concentration that causes an adverse effect to 50 percent of the test organisms (i.e., EC50, LC50) 
(De Schamphelaere et al., 2004; Giesy Jr et al., 1977; Park et al., 2009; Smith et al., 2014). The 
toxicity threshold defined for metal toxicity is reflective of the species used for testing and the 
general aqueous chemistry (i.e., pH, cation concentration, DOC) of the test solution. 
An important consideration for the toxicity of metals is their bioavailability, which is not 
necessarily reflected by the total solution concentration of metals, but rather by their aqueous 
speciation (Morel, 1993). The free ion species of cadmium (Cd2+), copper (Cu2+), lead (Pb2+), 
and zinc (Zn2+) are the most bioavailable forms and are highly toxic to aquatic organisms at trace 
concentrations. It is well known that the free ion species are only dominant at lower solution pH 
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(Stumm and Morgan, 2012). With increasing solution pH, free ion species of metals will tend to 
adsorb onto colloidal surfaces, precipitate from solution as solids, and form aqueous complexes 
with inorganic ligands.  Inorganic ligands include common anions (CO32-, PO43-, S2-, Cl-, OH-, 
etc.) that, in addition to forming aqueous complexes, can result in relatively insoluble species 
and likely precipitation of metals from the water column. For most oxygenated natural, pristine 
surface waters the formation of Cu-inorganic complexes will result in aqueous species rather 
than precipitates, mainly due to low metal concentrations and near neutral pH. Components of 
carbonate alkalinity such as HCO3- and CO32-, in addition to buffering acidity, are important 
ligands in surface waters that may form aqueous copper complexes or copper-carbonate 
precipitates. Considering that streams included in this study have pH ranging from <4.0 to 7.5 
and lack of significant carbonate rock deposits, most streams in this study likely have carbonate 
alkalinity composed primarily of HCO3-. 
In addition to aqueous complexation, sorption reactions remove free ion metals from solution 
by electrostatic attraction to a charged surface and surface complexation reactions (surface 
ligands). Common sources of charged surfaces in aqueous environments include colloidal 
material (i.e., clays, hydrous oxides, etc.) and particulate organic matter. This research examines 
the mixing of two waters where one is impacted by AMD/ARD and the other is a relatively 
pristine stream. The mixing of these two tributaries results in the formation of iron and aluminum 
hydroxides (HFO and HAO respectively) that become important for sorption reactions with 
metal ions and dissolved organic carbon (DOC) (McKnight et al., 1992; McKnight et al., 2002; 
Smith et al., 2014). Sorption reactions involving Cu and colloids are known to be controlled by 
both aqueous chemistry and colloid surface characteristics that include surface charge and 
binding site density (Karthikeyan et al., 1997; Weng et al., 2008). Sorption of Cu and DOC with 
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hydrous aluminum oxide (HAO) and hydrous iron oxide (HFO) in AMD impacted systems may 
be a significant control on the amount of bioavailable free copper (Karthikeyan et al., 1997). 
 
1.2 The Biotic Ligand Model (BLM) 
The Biotic Ligand Model (BLM) is a computational toxicological approach for predicting 
acute and chronic effects of toxic metals (i.e., copper) on a variety of aquatic organisms. Di Toro 
et al. (2001) presented a conceptual pathway model (Figure 1.1) for the binding of a toxic free 
metal ion M2+ (i.e., Cu2+) onto gill surfaces of fish. This conceptual model is the basis for the 
Biotic Ligand Model (BLM), which accounts for the effects of inorganic water chemistry 
(hardness, alkalinity, pH) and DOC on the bioavailability of toxic metals (i.e., Cu2+). The biotic 
ligand component of this model represents the gill surface of aquatic organisms such as fish and 
benthic macro-invertebrates. The model assumes that toxicity occurs when a toxic level of metal 
accumulation (mg Mz+/ g tissue) occurs at the gill (Di Toro et al., 2001) and is defined as the 
LA50 (lethal accumulation that causes 50% mortality of the test population). Water chemistry 
does affect the solution concentration required to reach the LA 50 values. Figure 1.1 illustrates 
copper’s ability to form non-bioavailable complexes with ligands (DOC and anions) which 
directly affect the accumulation of copper on the gills. Also shown is the competition with 
hardness cations (Ca2+ and Mg2+) and the hydrogen ion (H+) for copper binding at the gill 
surface. Toxic effects of dissolved metals can be reduced with high levels of water hardness. 
This is most commonly a result of Ca2+ and Mg2+ (Pagenkopf, 1983), but other metals such as Fe 




   
Figure 1.1 Biotic Ligand Model Schematic. Modified from Di Toro et al, 2001. 
 
In 2007, the US EPA adopted the BLM for establishing ambient copper water quality 
standards in streams. Historically (US EPA, 1986), water quality table value standards were 
calculated using Ca and Mg hardness concentrations. The US EPA found that there was good 
agreement of acute copper toxicity using Ca and Mg hardness at low DOC concentrations. 
However, the hardness-only approach was found to be overly conservative and did not take into 
consideration the role of DOC and the formation of other complexes with copper. With 
increasing DOC concentrations the hardness approach appeared to underestimate LC50. 
Although the BLM can be used to calculate the effect of water chemistry on bioavailabity for 
lead, cadmium, and zinc, currently copper is the only toxic metal for which water quality criteria 
have been established by the BLM. 
The BLM currently utilizes the Windermere Humic Acid Model (WHAM V) to account for 
proton and metal binding of the humic substances in solution. The WHAM V model is a surface 
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interaction chemical equilibrium model that utilizes electrostatic (cation-anion attraction) 
complexation as the basis for modeling metal binding to DOC. A double-layer model is the 
general approach to modeling the electrostatic sorption where the first layer near the surface 
consists of counter ions and the second layer provides a charge balance to the first. The surface 
charge utilized by WHAM is dependent on the proportions of the carboxylic and phenolic groups 
of the humic substance which in turn varies between HA and FA. The advantage of the WHAM 
V model is that it provides more discrete DOC-metal binding determinations especially for 
bidentate and tridentate sites (Lofts and Tipping, 2000).  
There are several assumptions and limitations of the BLM and WHAM that may result in 
under or over estimating toxicity values. One assumption in using the BLM for calculating water 
quality criteria (WQC) is that metal binding properties at the gill (biotic ligand, KL) is similar for 
all aquatic organisms. DiToro et al. (2001) found that measured Ag and Cu LC50 values for 
fathead minnow, rainbow trout (O. mykiss), and D. magna when compared with BLM LC50 
values were within a factor of 2. Another assumption in the BLM is that DOC quality as related 
to metal binding properties is the same for all DOC regardless of source and is represented by 
WHAM. The WHAM model has known inherent limitations representing measured verses 
modeled metal-DOC binding reactions (Christl et al., 2005; Dudal and Gérard, 2004; Kinniburgh 
et al., 1996; Merdy et al., 2006). One of these is that WHAM includes a lack of accuracy in 
representing binding densities of “active” HA and FA, which in turn affects modeling binding 
capacity of DOC in the BLM (Dudal and Gérard, 2004). 
The qualities of DOC including aromaticity and binding affinity are a known factor in 
protecting against metal toxicity (Wood et al., 2011). Therefore, accounting for DOC quality in 
the BLM would increase its applicability towards modeling copper-DOC binding characteristics 
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and toxicological effects. Further refinement of the BLM to account for variable DOC quality 
should increase its ability to accurately predict metal toxicity and water quality criteria. 
 
1.3 Dissolved Organic Matter 
 
Aquatic humic substances are an important source of organic carbon to watershed 
ecosystems and are also known to have an important role in nutrient transport (Jaffé et al., 2012; 
Morel, 1993; Thurman, 1985), energy source for microbes (Thurman, 1985), and attenuation of 
heavy metal toxicity (Aiken et al., 2011; Baken et al., 2011; Cabaniss and Shuman, 1988; Christl 
et al., 2005; Davis, 1984; Gheorghiu et al., 2010). The decomposition of vegetative matter results 
in the breakdown of biomolecules into soluble (humic substances) and insoluble, particulate 
organic matter (humin). Aromatic organic acids that include humic and fulvic acids make up 
most of the soluble fraction of DOC (Aiken et al., 1985; Thurman, 1985). The soluble DOC 
fraction can further be categorized (Thurman, 1985) as a variety of operationally-defined 
portions, the most abundant being either hydrophobic (HPOA) or hydrophilic (HPLA) acids. The 
HPLA fraction consists mainly of proteins and carbohydrates (Thurman, 1985). The HPOA 
fraction consists of humic and fulvic acids that are the primary organic components of the humic 
fraction; fulvic acid comprises approximately 60% by mass of HPOA (Aiken et al., 1985; 
Thurman, 1985). The solubility of humic and fulvic acids are pH controlled where humic acids 
become insoluble and precipitate at pH <2.0 and fulvic acids are soluble at all pH values. 
Sources of DOC have been extensively investigated in many aqueous environments (Jaffé et al., 
2008; Thurman, 1985; Wood et al., 2011). Thurman (1985) describes DOC as originating either 
from allochthonous (terrestrial) or autochthonous (aquatic) sources. Autochthonous DOC results 
from decomposition of algae and microbes within aquatic environments (lakes and streams), is 
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optically light and has low molecular mass. Allochthonous DOC generally results from the 
decomposition of lignin (i.e., woody material and leaves) in soils and tends to be optically 
darker, of greater molecular mass, and more aromatic than autochthonous DOC. Discussion of 
the specific sources of DOC is beyond the scope of this study. Therefore, DOC will be 
designated as allochthonous or autochthonous to describe general source the DOC.  
Dissolved organic carbon (DOC) consists of complex and heterogeneous organic molecules 
that include low molecular weight organic acids (LMWOAs) and high molecular weight organic 
acids (HMWOAs). Humic substances including humic acid (HA) and fulvic acid (FA) are 
categorized as HMWOAs. Non-humic substances such as sugars, amines, and alcohols are 
considered to be LMWOAs. The generalized molecular structures for HA and FA are shown 
below in Figures 1.2 and 1.3. They are largely composed of aromatic ring structures containing 
carboxyl and phenolic functional groups. 
  
 




Figure 1.3 Generalized fulvic acid molecular structure. Source: (Stevenson, 1995) 
 
The HMWOA (including both HA and FA) component of aquatic DOC has several key 
roles within ecosystems including the ability to provide binding sites for metal species in soils 
and water. The HA and FA components of humic substances are of special importance where the 
O:C ratio provides a good estimate of organic matter affinity for protonation and metal binding 
(Dudal and Gérard, 2004). The O:C ratio for FA (0.7) is slightly greater than that of HA (0.5) 
which indicates that FA generally has higher acidic functionality and thus will have higher 
binding affinity for metals. Most important to metal binding capacity is the presence and 
availability of carboxylic and phenolic functional groups which, through deprotonation (Figures 
1.4 and 1.5), provide organic matter a negative surface charge (Aiken et al., 2011; Baken et al., 
2011; Lu and Allen, 2002; McKnight et al., 1992). The disassociation (pKa) values are shown 
for both carboxyl and phenolic groups in Figures 1.4 and 1.5. The lower dissociation value for 
the carboxyl functional groups (pKa ≈ 4.0) indicates a greater ability to release the H+ proton 





The binding characteristics of DOC, particularly humic substances (HS) as HA and FA 
are an important control on the activities of free metals and their associated bioavailability and 
toxicity. It is known that DOC will have metal binding variability arising from its source of 
origin such as soils, wetlands, and groundwater (Aiken et al., 1985; Beggs and Summers, 2011; 
Brooks et al., 1999; Brown et al., 2004; Jaffé et al., 2008). This variability may be related to (or 
caused by) DOC aromaticity, which may in turn influence overall metal binding characteristics 
in the aquatic environment. 
 
 
Figure 1.4 Carboxyl deprotonation reaction where R is the humic substance molecule and general 





Figure 1.5 Phenol deprotonation reaction and general pKa ≈ 10.0. 
 
This dissertation presents the results of investigating the role of DOC variability (sources and 
aromaticity) that affect its ability to protect against copper toxicity. Within a watershed, 
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dissolved DOC may be sourced from the surrounding soils (allochthonous) or produced directly 
within the water column (autochthonous). The proportional contribution of each of these DOC 
end members, as well as their chemical characteristics, can be influenced by seasonal changes in 
biological productivity and hydrology. Therefore, DOC characteristics such as metal binding 
affinity and capacity may be reflective of these natural fluctuations within a given watershed. 
The aromaticity of DOC, a major factor in metal binding, is known to fluctuate by source and 
seasonality (Baken et al., 2011; Lu and Allen, 2002). Al-Reasi et al (2011) examined the role of 
DOC quality, as related to its source, in affecting metal toxicity. More aromatic DOC, 
originating from terrestrial sources, provides a better protective effect against metal toxicity than 
less aromatic DOC derived from aquatic sources. Seasonal effects on DOC source and 
aromaticity are less well known but have been shown to likely exist within watersheds (Cuss et 
al., 2010; Jaffé et al., 2008; Jaffé et al., 2012). Therefore, seasonal changes in DOC metal 
binding affinity, and thus protection against metal toxicity, should be observable within a 
watershed where variations in source and seasonality are likely to exist. 
 
1.4 Fractionation Processes Of DOC 
Other processes that affect the molecular properties of DOC include chemical fractionation 
accompanying sorption to metal hydroxides in watersheds containing streams impacted by 
AMD/ARD. McKnight et al. (1992) first observed DOC fractionation with hydrous iron and 
aluminum oxides in the Snake River/Deer Creek watershed that resulted in loss of DOC mass 
and an alteration of moiety of the DOC remaining in the water column. The loss of DOC mass 
from the water column suggests that DOC behaves in a reactive manner and, therefore, its 
behavior can be accounted for by a conservative solute calculation approach. Furthermore, 
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fractionation of DOC should also result in preferentially removing the more reactive component 
of DOC leaving the less reactive fraction of DOC in the water column. Therefore, the residual, 
altered DOC in the water column should have moieties with lower binding affinity and possibly 
less binding capacity for copper.  
One possible control on DOC-Me complexation is the aromaticity of DOC, because organic 
molecules having higher aromaticity tend to form stronger complexes with free metal ions and 
charged surfaces (Baken et al., 2011; Lu and Allen, 2002; McElmurry et al., 2010). Additionally, 
Lu and Allen (2002) and McKnight et al. (1992) have attributed DOC fractionation to its 
aromatic properties and binding affinities at phenolic and carboxylic functional group sites. The 
differences in DOC-copper binding and protection against copper toxicity as a result of 
fractionation processes were further examined by Smith et al. (2014) where it was demonstrated 
that less aromatic DOC remaining in the water column provided less protection against copper 
toxicity on D. magna. Fractionation of DOC with metal hydrous oxides demonstrated in this 
study, therefore, should be comparable in other watersheds with similar conditions as the Snake 
River/Deer Creek system. 
Fractionation is a chemical process that separates constituents in a mixture based on their 
associated reactivity. Chromatography is the clearest example of this process. The result of 
fractionation generally includes separation of various components of the original constituent due 
to processes dependent on mass (sedimentation), phase changes (precipitation, volatilization, 
etc.), or partitioning (ion exchange, hydrophobic/hydrophilic sorption). In stream systems 
sorption of an aqueous constituent of a mixture to sediments is a possible fractionation process. 
If a constituent has undergone fractionation, it should also show non-conservative, reactive 
properties that can be accounted for by mass loss or changes in chemical properties at the 
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molecular level. In this study we investigate the fractionation of DOC, due to its non-
conservative nature in multiple sources of AMD, which should result in measurable changes in 
mass transport and DOC properties. Although the effect of source on DOC characteristics may 
also be important, DOC fractionation in AMD impacted waters, and its effect on the overall 
ability to form DOC-metal (DOC-Me) complexes is the focus of this research. 
Figure 1.6 presents the hypothesized processes and important variables of DOC fractionation 
in metal-laden surface water. DOC from pristine tributaries once mixed with AMD/ARD 
impacted tributaries is sorbed onto HFO and HAO that form at confluence of the tributaries. 
DOC sorption results in a decreasing DOC concentration below the confluence, and fractionation 
causes the remaining DOC to have less aromaticity. The sorbed fraction (with HFO and HAO) of 
DOC, which is more aromatic, either remains in the water column as suspended sediments, or is 
deposited on the stream bed.   
 
Figure 1.6 Conceptual DOC fractionation model in AMD impacted waters. 
15 
 
McKnight (1992 and 2002) noted that DOC from Deer Creek (the pristine tributary) had 
higher fulvic acid content and aromaticity than DOC in the Snake River Tributary. McKnight et 
al. (1992) also noted that Fe and Al hydroxides tend to remove DOC from the water column 
through sorption reactions, which was verified through an in-situ sorption experiments using 
Suwannee River Fulvic Acid (SRFA) in the Snake River-Deer Creek system (McKnight et al., 
2002). The preferential binding of fulvic acid with higher aromaticity to HFO and HAO was also 
noted as being important in the fractionation process investigated by Smith et al. (2014) where it 
was also found that the remaining DOC in the Snake River was less protective against copper 
toxicity for C. dubia.  
 
1.5 Thesis Objectives and Organization 
One objective of this research is to observe if fractionation processes between DOC and 
hydrous oxides seen in previous research by McKnight (1992) and Smith (2014) at the Snake 
River/Deer Creek system are unique or occur in other watersheds. Another objective includes 
investigating if fractionation of DOC by HFO/HAO is a more significant influence than source 
and seasonality on copper binding characteristics and protection against copper toxicity. This 
research examined if optical properties of DOC can be used to develop a relationship between 
DOC source/seasonality and optical characteristics (aromaticity), using FA collected and isolated 
from three similar alpine/montane watersheds. Finally, this research examined if these optical 
properties can be used to predict aquatic copper toxicity. It is hoped that using optical 
characterization to interpret acute copper aquatic toxicity test results for D. magna will help 
further develop the DOC parameter in the BLM to provide a more accurate representation of 
DOC-metal binding.  
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This thesis presents a systematic approach examining the effects of DOC characteristics, 
related to molecular-level compositional variability, binding affinity, and influence on copper 
aquatic toxicity, that are a result of interactions with hydrous metal oxides in mine affected 
waters. Chapter 2 examines the importance of spatial/seasonal variability of DOC on the degree 
of fractionation of DOC. This examination was accomplished by examining FA isolated from 
several stream confluences, over different seasons, where pristine streams join tributaries 
impacted by AMD/ARD. This information may be useful to develop a broad relationship 
between DOC characteristics (moiety) as a result of varying sources and fractionation processes 
within their respective watersheds. 
Chapter 3 examines the effect of various DOC sources and DOC fractionation on acute 
Cu2+ toxicity to D. magna in acute toxicity tests. It also examines whether a correlation between 
optical properties, discussed in Chapter 2, and acute toxicity test results exists, and whether it can 
be developed as potential DOC input information for the BLM. Chapter 4 examines different 
DOC-Cu binding characteristics related to molecular variabilities discussed in Chapter 2, and 
investigates if fractionation with hydrous oxides results in DOC with diminished binding affinity. 
Laboratory measurements using a cupric ion selective electrode (ISE) to quantify Cu-DOC 
binding are compared to results of equilibrium speciation modeling (using MINTEQ) to examine 
if geochemical equilibrium models accurately account for variability in DOC characteristics of 
binding affinity and likely structure.  Chapter 5 provides a summary of this research and 







DOC VARIABILITY IN ALPINE WATERSHEDS 
 
Dissolved organic carbon (DOC) has important roles within watershed ecosystems; as a 
provider of nutrients and energy, a regulator of redox reactions, and complexing ligands with 
metals. The latter property is the focus of the research described in this dissertation. The 
abundance and sources of DOC have been extensively investigated in many aqueous 
environments (Jaffé et al., 2008; Thurman, 1985; Wood et al., 2011). Jaffe et al., (2008) noted 
that there are significant differences among DOC throughout different Long-Term Ecological 
Reserves located in the United States as a result of different biophysical controls, biological 
sources, and biogeochemical processes. DOC within a given watershed is known to originate 
from both terrestrial and aquatic sources (Aiken et al., 1985; Thurman, 1985). An important 
consideration regarding DOC reactivity may be the original source of DOC whether it is from 
terrestrial or aquatic environments (Jaffé et al., 2008; Jaffé et al., 2012). Variability of DOC 
molecular structures i reflective of DOC source (Leenheer et al., 1995a, b; McKnight et al., 
1992). Relating reactivity to molecular structure, and the possible role of DOC source on this 
relationship, is a key feature of this research. It is known that source, through its influence on 
DOC composition, is likely an important factor in DOC binding affinity with heavy metals. By 
sampling various watersheds during different seasons, DOC of variable compositions can be 
obtained in order to investigate this relationship. It is also known that other processes such as 
DOC fractionation, accompanying its sorption to colloids, results in both mass loss and 
alterations of DOC molecular properties (Smith et al., 2014). By sampling confluences in which 
metal hydroxide precipitation is occurring, the influence of fractionation on DOC properties can 
18 
 
be examined. Given that DOC sorption to metal oxides occurs through surface complexation 
reactions, it is further hypothesized that this process will reduce the metal binding affinity and 
capacity of the DOC remaining in the water column that is the topic of subsequent chapters of 
the dissertation. 
 
2.1 Sources of DOC Compositional Variability 
 This section describes the general categorization of DOC as related to whether DOC 
originates from terrestrial and/or aquatic environments and important source and seasonal factors. 
A season-by-season description of DOC variability is included that is exclusive to alpine 
watersheds. More detailed descriptions of DOC source (i.e., vegetation type, degree of 
humification) is beyond the scope of this study. However, descriptions of ecosystems and climate 
are discussed later in Section 2.2.  
 
2.1.1 Allochthonous and Autochthonous DOC 
NOM concentration is often determined by measurement of dissolved organic carbon 
(DOC).  Although these terms are often used interchangeably, DOC is generally the measured 
parameter and is, therefore, perhaps the more appropriate term.  Their values are related through 
the carbon content of NOM (generally DOC ≈ 0.5 NOM by mass) (Aiken et al., 1985; Thurman, 
1985). Thurman (1985) describes the primary sources of DOC as being either allochthonous 
(terrestrial) or autochthonous (aquatic) environments. Autochthonous DOC is a product of 
decomposition of algae and microbes in aquatic environments (lakes and streams), and tends to 
result in DOC compounds that have low molecular weight and low aromaticity (i.e., phenolic 
functionality). Additionally, autochthonous DOC is optically light (less absorbance of UV light 
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per gram of DOC). Allochthonous DOC is derived from terrestrial and wetland soils from the 
decomposition of lignin, and to a lesser extent cellulose, (i.e., woody material and leaves) in the 
soils (Brooks et al., 1999; Terajima and Moriizumi, 2013). Additionally, it tends to be optically 
darker (greater absorbance of UV light per gram of DOC), have higher molecular weights, and is 
more aromatic than autochthonous DOC. Within alpine watersheds, terrestrial soils generally are 
poorly developed and have relatively low organic matter content due to dominance of conifer 
species coverage and seasonal constraints (weathering and decomposition are limited by 
climate). Therefore, soils included in this study are considered to have thin O-horizons that are 
essential sources of organic matter. 
 
2.1.2 DOC Source 
The term source, used in this study, describes whether DOC is of terrestrial or aquatic 
origin. Many studies have examined the variability of DOC related to its specific origin of 
decomposition including species of trees, and different types of soils and wetlands (Aiken et al., 
1985; Thurman, 1985). Terrestrial source, as used in this study, is DOC that originates from 
within soils and wetlands. Although the characteristics of DOC from terrestrial sources are 
dependent on types of vegetation and wetlands, it will have unique properties in comparison to 
other sources. Aquatic sources of DOC originate from algae and microbes within the water 
column. It is important to clarify that groundwater DOC may also originate from terrestrial 
sources and therefore may have DOC characteristics similar to terrestrial sources.  






The concept of seasonality referenced in this research describes hydrology and primary 
productivity processes that are controlled by climate during the spring, summer, fall, and winter 
seasons. It is important to fully distinguish the seasonality factor since it is an important control 
on DOC decomposition and mobilization processes. DOC is this section includes both the 
dissolved and particulate fractions of organic matter. Hydrologic processes include percolation of 
soil moisture, surface runoff, precipitation events, and groundwater/surface water interactions 
that considerably vary according to seasons (Thurman, 1985). Similarly, primary productivity 
and decomposition are process important for DOC formation in soils and water and they vary 
by season. The following discussion of seasonality will focus on the aforementioned processes 
within alpine watersheds and their role in determining the presence of allochthonous and 
autochthonous DOC in surface waters. Photos of the field sites included in this study found in 
Appendix A include photos taken during the various seasons described in this section.  
Spring seasonal conditions in alpine watersheds included in this study will be described 
for the months of April through June. During this period snowpack begins to melt and transport 
detrital and organic matter (soluble and insoluble fractions) from soils into receiving streams and 
other bodies of surface water. This process is described as a spring “flush” that characteristically 
results in high concentrations of DOC and, if sources of AMD are present, a pronounced increase 
in metals loading to surface waters (Brooks et al., 1999). The hydrology is dominated by surface 
runoff from snowmelt that results in streams reaching or exceeding flood stage levels. The peak 
discharge in streams generally occurs during spring and the timing varies depending on 
snowpack and other climate factors but usually occurs in May through June. Soil infiltration is 
likely minimal due to a shallow freeze line impeding soil water movement at depth in soils. 
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Therefore, the water table is expected to remain at winter levels due to a lack of surface recharge 
through soils. Primary productivity is anticipated to be relatively low due to the persistent cooler 
climatic conditions in the spring.   
Beginning in late-June through September, summer conditions exist once snow melt 
ceases and surface water levels drop toward baseline conditions. Warmer temperatures boost 
primary productivity and associated decomposition of organic matter in soils and water which is 
an important factor in the molecular characteristics of DOC. Additionally, algal growth and 
microbial activity within the water column are at its peak and are considerable sources of 
autochthonous DOC (Miller and McKnight, 2010). Surface water hydrology is controlled by 
intermittent liquid precipitation events and discharge from groundwater sources that includes 
springs and mine tunnels. Soil water is now able to percolate throughout the entirety of the soil 
column; therefore, terrestrial and wetland soil derived DOC likely becomes significant. As a 
result, DOC in surface waters during the summer period should have a mix of both allochthonous 
and autochthonous sources. 
Autochthonous sources in this study are likely more important during the fall and winter 
months. During this time soil-derived DOC begins to decrease as freezing conditions dominate. 
It is anticipated that primary productivity in soil and water is at its lowest in alpine watersheds 
due to the freezing temperatures and snow coverage starting in October through April. 
Hydrologically, it is known (Surfleet and Tullos, 2013) that the source of water in streams in this 
climate and physiography in the late-fall and winter originates from groundwater discharge. 
Therefore, during this period DOC in surface water is likely to be influenced by groundwater 
DOC. Groundwater DOC is considered to originate from either soil percolation, microbial 
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degradation products, or kerogen-like substances in bedrock (Aiken et al., 1985) that may be 
observable in surface water during the fall-winter period. 
 
2.1.4 Fractionation 
Although the source of DOC may be important, other processes including fractionation 
that affect DOC composition may also influence DOC composition. Since not all DOC is sorbed, 
and different components of DOC are sorbed to different degrees, fractionation of DOC occurs. 
DOC fractionation in AMD-impacted waters, and its effect on the overall ability to form DOC-
metal (DOC-Me) complexes is an important consideration of this research. One possible control 
on DOC-Me complexation is the alteration of the aromaticity of the remaining DOC, which 
occurs as a result of fractionation. It is generally thought that functional groups (e.g. carboxylic 
acids) on organic molecules that have higher aromaticity tend to form stronger complexes with 
free metal ions (Baken et al., 2011; Koopal et al., 2001; Lu and Allen, 2002; McElmurry et al., 
2010; McKnight et al., 1992). A central hypothesis of this research is that DOC fractionation 
with HFO and HAO changes DOC characteristics, namely resulting in lower aromaticity and, 
possibly lower metal binding capability of the remaining DOC. 
Fractionation processes involving DOC are important where DOC adsorbs onto iron and 
aluminum hydroxide precipitates in the water column and sediment (Gu et al., 1996; McKnight 
et al., 1992; Reuter and Perdue, 1977; Smith et al., 2014; Tipping et al., 2002). These processes 
were shown to limit the ability of the remaining DOC to form DOC-Me complexes (McKnight et 
al., 1992; Smith et al., 2014). McKnight (1992) noted that DOC in the Snake River and Deer 
Creek tributaries and confluence was primarily composed of fulvic acid, humic acid and assorted 
hydrophilic compounds (proteins, carbohydrates, etc.). DOC from Deer Creek, the pristine 
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stream, had a higher fulvic acid content than Snake River, the metal-rich stream. Previous studies 
have attributed DOC fractionation to its aromatic properties; in addition, aromatic carboxyl sites 
show preferential metal binding with free metal ions and colloid surfaces over aliphatic carboxyl 
sites (Evanko and Dzombak, 1999; Lu and Allen, 2002; McKnight et al., 1992; McKnight et al., 
2002; Smith et al., 2014) . The preferential binding of fulvic acid with higher aromaticity to HFO 
and HAO was also noted as being important in the fractionation process investigated by Smith et 
al. (2014) that resulted in a decreased metal binding affinity and ability to protect against copper 
toxicity.  
 
2.2 Spectroscopic Characterization of DOC 
Characterization of DOC predominantly focuses on molecular weight and understanding 
the importance of different functional groups (Her et al., 2003; Jaffé et al., 2008). Specific 
ultraviolet absorbance at 254 nm (SUVA254) and fluorescence have been widely used for 
characterizing the molecular properties of DOC (Baker et al., 2008; Cory and McKnight, 2005; 
McKnight et al., 2001; Weishaar et al., 2003). Section 2.3.3. describes the specific details of 
these two optical properties, and how they are obtained. The heterogeneity of DOC structures has 
been noted to vary by molecular weight and aromaticity that has been accounted for by SUVA 
(McKnight et al., 2001). Additionally, Weishaar et al. (2003) noted that SUVA254 correlated well 
(R2 = 0.97) with DOC aromaticity measured by 13C NMR spectroscopy. 
In addition to SUVA, fluorescence characterization provides important data to account 
for difference in moieties, functional groups or molecular structures that are a result of 
fractionation and or the source of DOC. Fluorescence spectrophotometry that produces 
excitation-emission matrixes (EEMs) is becoming a widely used technique due to its high 
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sensitivity and ability to provide another basis in the interpretation of DOC composition (Cory 
and McKnight, 2005; Cory et al., 2010; Her et al., 2003; Westerhoff et al., 2001; Wu et al., 
2007). Fluorescence has been used to provide a means to assess changes in DOC composition in 
response to changes in watershed characteristics such as source and climate (Huang and Chen, 
2009). Cory and McKnight (2005) attribute changes in fluorescence signatures such as the 
fluorescence index (FI) of DOC to changes in the functional groups of FA that are related to their 
source. They use the fluorescence index (FI) to distinguish between allochthonous (FI ≈ 1.4) and 
autochthonous (FI ≈ 1.8) sources of DOC (Cory and McKnight, 2005; McKnight et al., 2001).  
 
2.3 Research Hypothesis and Objectives 
Two research hypotheses will be evaluated in this chapter. The first is that fractionation 
processes are a more significant control than DOC source or seasonality effects on DOC 
composition in alpine streams. Second, optical characteristics can be utilized to account 
molecular differences in DOC due to fractionation. This chapter presents optical characterization 
of the FA fraction isolated from DOC collected from three watersheds that have similar 
ecological, environmental, and geographical characteristics. FA is the more reactive fraction of 
DOC (relative to metal binding and sorption characteristics) and is compositionally the greater 
proportion of DOC (from 60% to 80% of DOC) in surface waters found in alpine watersheds 
(Miller and McKnight, 2010). Thus, focusing on FA provides information on the majority of the 
DOC. 
This chapter describes the isolation procedure used to obtain FA along with other general 
water chemistry measurements. Optical properties include specific UV absorbance (SUVA) and 
fluorescence (fluorescence index) measured from isolated FA. These measurements are used to 
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examine the relative importance of source and (i.e., allochthonous verses autochthonous) and 
fractionation on FA molecular characteristics such as aromaticity. Conservative solute 
calculations were performed to determine the degree to which DOC in the watersheds included 
in this study undergo fractionation with hydrous oxides that should be related to non-
conservative behavior of DOC (Evanko and Dzombak, 1999; McKnight et al., 1992; Tipping et 
al., 2002).  
 
2.4 Description of Study Sites and Sampling Approach 
This research focused on three watersheds located in the central Rocky Mountains in 
Colorado (Figure 2.1) that contains a stream confluence where an AMD/ARD impacted stream 
mixes with a non-impacted, relatively pristine stream. Each AMD/ARD impacted stream has an 
acidic pH and high concentrations of iron, aluminum and other toxic metals. By including three 
watersheds in this study, the relative influence of source and seasonality versus fractionation on 
variability in DOC characteristics could be examined through spectroscopic methods used in this 
study. All three watersheds have similar characteristics including comparable elevation, ecology 
(montane forest to alpine tundra), and climate. Appendix A contains photos of sites sampled as 
part of this research. The Colorado Gulch and St. Kevin’s watersheds are approximately 6 miles 
(10 km) apart and have similar geographic aspect (east-facing), elevation, and climate. The 
Snake River/Deer Creek watersheds are located about 45 miles (72 km) to the northeast of 
Colorado Gulch and St. Kevin’s watersheds with similar elevation and climate but with a 
generally north-facing aspect. Annual mean temperatures near the lower elevations of each 
watershed in the summer range from daily highs of 24° C to 28° C in July, to winter daily highs 
from -20° C to -17° C in January (BRWG, 2009; LFWWG, 2011). With each 300 m of elevation 
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gain, the general temperature decrease is approximately 1.7° C. Mean annual precipitation is 
between 51 cm to 89 cm with a major portion falling as snow during the winter to early-spring 
months. The terrestrial ecology within each watershed consists of forested areas that primarily 
consist of Pinus contorta (lodgepole pine). Stands of Populus tremuloides (quaking aspen) and 
Alnus tenuifolia (alder) can also be found throughout the watersheds. Pseudotsuga menziesii 
(Douglas-fir) is typically on north-facing slopes and, therefore, is widespread within the Deer 
Creek/Snake River watersheds (BRWG, 2009; LFWWG, 2011). Different varieties of willows 
and other riparian types of vegetation are found along streambanks. Stream aquatic ecology 
consists primarily of cold-water fisheries that include brook trout (Salvelinus fontinalis), rainbow 
trout (Oncorhynchus mykiss), and brown trout (Salmo trutta) along with various types of cold-
water benthic macro-invertebrates (BRWG, 2009; LFWWG, 2011). 
The hydrology of the watersheds included in this study is controlled by spring snowmelt 
which causes peak discharge typically in late-May to June. Base flow occurs from September 
through April of each year, when streamflow is mainly controlled by groundwater discharge 
punctuated by occasional storm events. Hydrographs for each watershed, over the study period, 
are included in this study (Figures 2.2 and 2.3). Snowpack data (NRCS, accessed November 
2015) for the Upper Arkansas River (Colorado Gulch and St. Kevin) and Blue River (Deer 
Creek) basins show that 2012 was a dry year, with approximately 50-60% of the average 
snowpack.  In contrast, 2011 had an exceptional snowpack (~120 - 125% of average). The 
snowpack for 2010 in Central Colorado is considered to be representative of an average 
snowpack year. 
To examine seasonal variation of DOC characteristics, stream samples were collected 
during the snowmelt high-flow period. During the months of July and August significant 
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monsoonal storms may occur and have the potential to create short duration, high intensity (>2 
cm/hour) rain events. Sampling for DOC isolation was not performed during the transient events, 
so their role in stream geochemistry remains unknown.  Sampling also occurred during base flow 
conditions in the fall and winter periods where aquatic sources and heavy metals loading into 
surface water is predominantly from groundwater that includes draining mine tunnels and adits. 
 
 
Figure 2.1 Locations of the Deer Creek/Snake River (Map A), Shingle Mill Gulch/St. Kevin Gulch 





2.4.1 Deer Creek/Snake River, Summit County, Colorado 
The Deer Creek/Snake River confluence, located near the town of Montezuma in Summit 
County, Colorado has been previously studied for DOC variability and interaction with HFO and 
HAO (McKnight et al., 1992; Smith et al., 2014).  A major driver for the research reported here 
was to confirm previous observations in this watershed and to examine if they occurred in other 
watersheds. Collectively, the Deer Creek and Snake River watersheds encompass a drainage area 
of approximately 8.6 mi.2 (22 km2) that varies in elevation from 13,000 ft. (3,900 m) amsl to 
approximately 9,000 ft. (2,700 m) amsl. The Idaho Springs formation, along with several 
mineralized veins (primarily containing sulfide minerals) underlay the reach of the upper Snake 
River watershed that is included in this study (Munk et al., 2002). The Deer Creek watershed is 
underlain by the Swandyke hornblende gneiss (Munk et al., 2002), which is not mineralized. 
Starting in the mid-1800s, the Montezuma mining district was mined for lead, zinc, silver, and 
gold (Munk et al., 2002; Theobald et al., 1963). The Snake River headwaters are part of the 
extensive Montezuma Mining district where there are several abandoned mines. Acidity in the 
Snake River is known to originate primarily from ARD where unmined pyrite-rich veins are 
exposed at the surface (Theobald et al., 1963). In contrast, the Deer Creek watershed has 
experienced minimal hard rock mining due to a lack of widespread mineralized deposits. With 
respect to acidity and metals, Deer Creek is considered to be relatively pristine. The hydrograph 
for the Snake River shown in Figure 2.2 was obtained approximately 1.0 mile (1.6 km) 
downstream from Deer Creek/Snake River confluence. The sampling events shown on Figure 2.2 
occurred during the spring-summer periods (May through September). The hydrographs do not 




2.4.2 Colorado Gulch/Little Frying Pan Gulch, Lake County, Colorado 
Colorado Gulch and Little Frying Pan Gulch are streams located approximately 6 miles 
west of Leadville, CO within the Lake Fork Creek watershed adjacent to Turquoise Reservoir 
(see Figure 2.1 for reference). Combined, the Colorado Gulch and Little Frying Pan Gulch 
watersheds are approximately 3.0 mi2.  Elevation varies from 9,500 ft (2,900 m) amsl to 11,500 ft 
(3,500 m) amsl near the headwaters of Colorado Gulch. Bedrock in the Sugarloaf Mining district 
consists mainly of St. Kevin granite intruded by several hydrothermal deposits (Cappa, 2007). 
Mineralized deposits within the St. Kevin granite consist of quartz, pyrite, sphalerite, 
chalcopyrite, tetrahedrite, galena, and argentite (Singewald, 1955; Walton-Day and Poeter, 
2009).  These veins were significant sources of ore containing silver, lead, and zinc (Titty, 2003). 
Both streams originate within the Sugarloaf Mountain Mining district that contains numerous 
abandoned mining features including mine waste piles and draining tunnels.  
Little Frying Pan Gulch is predominantly an ephemeral stream but receives water year 
around from several mine tunnels and adits that are significant sources of AMD. The hydrograph 
shown in Figure 2.3 represents discharge measured at a USGS gaging station located in the 
Arkansas River near Leadville, CO and is likely representative of surface-water hydrology trends 
for the Colorado Gulch-Little Frying Pan watershed. Also shown (color-filled circles) on the 
hydrograph are the sampling events during the spring-summer periods (May through September) 
whereas the fall-winter events are not shown due to seasonal gage operation constraints. 
 
2.4.3 Shingle Mill Gulch/St. Kevin Gulch, Lake County, Colorado 
The Shingle Mill Gulch/St. Kevin Gulch watershed is located approximately 7 miles 
northwest of Leadville, CO and collectively drains approximately 1.5 mi2 (10 km2). The St. 
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Kevin mining district contains numerous abandoned mining structures and waste piles that are 
known contributors of heavy metals (Kimball et al., 1994). Similar to the other study sites, the 
AMD impacted stream contains high concentrations of Fe and Al that are primarily a result of 
draining tunnels and mine waste piles. The Shingle Mill Gulch/St. Kevin Gulch confluence is 
located approximately 46 m downstream from the Griffin Mine tunnel. HFO is abundant in the 
streambed along the stream reach. The Arkansas River at Leadville hydrograph presented in 
Figure 2.3 and previously described is also applicable for the Shingle Mill Gulch/St. Kevin 
Gulch watershed.  
 
Figure 2.2 Hydrograph for Snake River (USGS 09047500 Snake River Near Montezuma, CO  
from 2011 through 2014. Daily median values are shown. Sample dates for the spring-summer 
periods are shown by the color-filled circles corresponding to the year sampled. Discharge from 









Figure 2.3 Hydrograph for Arkansas River (USGS 07081200 Arkansas River NearLeadville, CO) 
from 2011 through 2014. Daily median values are shown. Sample dates for the spring-summer 
periods are shown by the color-filled circles corresponding to the year sampled. Discharge from 








2.4.4 Groundwater   
Several groundwater samples were collected to document water chemistry and DOC 
characteristics in relation to surface water samples included in this study. Groundwater from two 
abandoned mine tunnels (Canterbury and Dinero Tunnels) and aprivate drinking water well 
located in Lake County, Colorado were sampled and processed in the same manner as surface 
water samples. The Dinero Tunnel is located in the Sugarloaf Mining District where Little 
Frying Pan Gulch is located (see Section 2.2.2). The Dinero Tunnel was used for both drainage 
of groundwater from the mine workings and for extraction of ore from the mine workings. In 
2009 a bulkhead was installed to halt flow from the tunnel in an effort to reduce zinc and 
manganese loading into Lake Fork Creek (Walton-Day and Mills, 2015). Groundwater within the 
Sugarloaf Mining district is typical of a fractured hardrock aquifer where groundwater flow and 
fluctuation are contolled by fracture patterns. The Dinero Tunnel Seep (DT Seep) sample was 
collected from a seep located approximately 300 m from the tunnel entrance. The seep was 
chosen to represent groundwater in the Sugarloaf Mining yet due to the considerable 
concentrations (>1.0 mg/L) of Fe and Al it is possible that fractionation of DOC may have 
occurred at the sample site. 
The Canterbury Tunnel (CT) is one of the primary sources of drinking water for the city 
of Leadville (Lake County, CO) and is located approximately 3.2 km (2.0 m) northeast of the 
city. The Canterbury Tunnel was originally constructed in the 1920’s to drain excess 
groundwater from the extensive network of mine workings east of Leadville where very little 
mineralization was observed (Wellman et al., 2011). Groundwater recharge occurs from the 
infiltration of liquid precipitation and snowmelt through fractures in Precambrian crystalline and 
Paleozoic sedimentary rock above Prospect Mountain near the Mosquito range (Wellman et al., 
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2011). A groundwater study by the USGS that included the Canterbury Tunnel found that water 
chemistry sampled in September 2008 was alkaline (pH 8.1) with low TDS at 130 mg/L 
(Wellman et al., 2011). Additionally, the USGS measured low DOC concentrations (<0.4 mg 
C/L).  
The Bissonnette Well is a private drinking water well that is set within the glacial till 
deposits with a water table located approximately 50 ft. (15 m) below ground surface. The 
groundwater sample for this study was collected prior to the treatment system used by the 
residence and is considered to be representative of the general water quality of the glacial till 
aquifer located near the center of the upper Arkansas River valley in Lake County.  
 
2.5 Experimental Approach 
This section describes approaches used in this study for the collection of field samples 
and in-situ measurements at each site.  Field samples and measurements were collected on the 
dates shown in Figures 2.2 and 2.3. All results of field and laboratory measurements can be 
found in Appendix B. 
 
2.5.1 Field Sample Collection and Measurement 
Field measurements of water quality parameters included pH, temperature (°C), specific 
conductance (µS/cm), total dissolved solids (ppm), oxidation-reduction potential (mV), and 
dissolved oxygen (mg/L). All measurements were made with a calibrated YSI Pro Series™ 
multi-parameter meter. The YSI multi-parameter meter was calibrated in the field prior to its use 
with known standards for pH (4.0, 7.0, and 10.0 buffer solutions), specific conductance (1000 
µS/cm as NaCl), and dissolved oxygen (0.0 mg/L D.O. solution of NaSO3). The probes were 
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placed in the stream and allowed to equilibrate for at least 15 minutes before recording each 
measurement. This procedure was especially important for measurements taken in the fall and 
winter due to the near freezing temperatures of the streams which affected meter response time 
(i.e., long equilibrium time). 
Pre-cleaned (acid washed and triple-rinsed with deionized water) HDPE containers were 
used at each stream site to collect samples to be used for metals aliquots. HDPE containers 
cleaned by triple rinsing with DI water were used for anions, alkalinity/acidity, and DOC 
aliquots. Metals analysis included the total recoverable (unfiltered) and dissolved (filtered) 
fractions. The latter were obtained using 0.1µm membrane filters (Millipore™ PVDF 0.1µm 
membrane) to remove a greater quantity of colloidal material than 0.45 µm filters to better 
account for concentrations of particulate Fe and Al. All filters were triple rinsed with 5-10 ml of 
site water prior to collection. Metals samples were preserved in the field with trace metal grade 
nitric acid (Fisher Scientific A509-P500) and stored (refrigerator) at 4°C until analysis. Aliquots 
for major anions were filtered (Millipore™ PVDF 0.1µm membrane) in the field and stored at 
4ºC until analysis within 48 hours of sample collection. DOC samples were filtered (GeoTech™ 
0.45 µm high capacity capsule acrylic copolymer filters) into pre-combusted (24 hours at 
450°C), acid washed (1 M HCl) glass amber jars, and acidified with phosphoric acid to a pH < 
2.0. Large DOC samples volumes (10L) were collected either in 10L brown HDPE carboys 
(ThermoScientific™ #22567020), soaked in 0.1N HCl (24 hours) and 0.1N NaOH (24 hours), or 
in 50L stainless steel canisters.  Both container types were triple rinsed with 5 L of ASTM Type 
I deionized water prior to sample collection in the field. The 10L and 50L samples were stored 
on ice until undergoing isolation with Supelite™ DAX-8 (Sigma Aldrich 20278 Supelco™ 
Supelite™ DAX-8), which was completed within 24 hours of sample collection. 
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2.5.2 Aqueous Chemistry Analysis 
Metals and anion analyses were performed in the Colorado Mountain College Timberline 
Analytical Laboratory (CMC TAL). Metals analysis was performed by ICP-OES (Perkin Elmer 
Optima 7000DV ICP-OES), analytes included Al, As, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Pb, Se, 
Zn. Major anions were analyzed by Ion Chromatography (Dionex™ ICS 1600), analytes 
included Cl-, Br-, F-, NO3-, NO2-, SO42-, and PO43-. All analyses followed laboratory quality 
assurance and quality control as prescribed by EPA method 6210 for ICP-OES and method 
9056A for IC analysis. Gran titrations were used for the alkalinity and acidity measurements, and 
were performed within 24 hours of sample collection. Colloidal (particulate) metals (i.e., Fe and 
Al) were determined by the difference between total recoverable (EPA Method 3015 Microwave 
Assisted Digestion) and dissolved (filtered through 0.1 µm membrane) ICP-OES results. TOC 
analysis was performed in the Colorado School of Mines AQUATEC laboratory using high 
temperature combustion with NDIR detection (Shimadzu™ 5000 TOC analyzer). All TOC 
samples were acidified (pH < 2.0) with H3PO4 to volatilize the inorganic carbon fraction (i.e., 
HCO3- and CO32-) and were stored at 4° C prior to analysis. All DOC samples collected in this 
study are stored in a refrigerator for acute toxicity testing and copper-DOC binding experiments. 
 
2.5.3 DOC Isolation and Characterization by SUVA and Fluorescence 
The FA was isolated utilizing Supelite™ DAX-8 resin (Aiken et al 1985; Thurman and 
Malcolm, 1981) for which the Standard Operating Procedure (SOP) can be found in Appendix C. 
Amberlite™ XAD-8 resin, which has been used for many previous studies to isolate FA, is no 
longer commercially available. Chow (2006) noted that the sorption efficiency of Supelite™ 
DAX-8 is greater than Amberlite™ XAD-8 for both hydrophobic and hydrophilic fractions of 
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DOC. Filtered field samples were preserved with concentrated H3PO4 to pH 2.0 prior to 
laboratory fractionation that was completed within 24 hours of sample collection.  
A 30 ml portion of pre-isolated DOC sample was collected for TOC analysis and 
represented the bulk DOC. The remaining DOC sample was pumped through a glass column (76 
cm3) containing pre-cleaned Supelco™ DAX-8 resin to isolate the hydrophobic fraction, which 
includes both FA and HA. After the total volume of DOC sample was pumped through the 
column, a minimum of three bedloads of DI water was passed through the columns to flush out 
any residual acid and stream water ions. The retained HPOA fraction was removed from the 
DAX-8 resin by back elution with 0.1N NaOH. The final hydrophobic acid-containing solution 
was then passed through a column containing CEC resin (FisherBrand Rexyn™ 101). The resin 
had been previously put in the hydrogen form by charging the resin with 1M HCl then rinsing 
with deionized (DI) water until an effluent conductivity close to 10-20 µS/cm was achieved. The 
DI flush ensured that all excess H+, Na+, and Cl- ions were flushed out of the CEC column. 
Pumping the hydrophobic acid containing solution through the CEC column neutralized the 
solution (starting pH was approximately 12.8) and removed additional trace level cations (i.e., 
Fe3+, Al3+, etc.) that might have been retained by the DAX-8 column. The resulting pH of the 
HPOA solution was 2.0±0.2. All HPOA solutions were stored at <4°C until analysis by 
spectroscopic methods. Although humic acid was not specifically removed through acidification 
to pH < 1, the isolation process yielded high DOC (concentrated approximately 10x) solutions 
primarily composed of isolated FA.  
Specific UV absorbance (SUVA) is a widely applied technique to characterize DOC 
based on absorbance at specified wavelength in the UV spectrum normalized to DOC 
concentrations. For this research, SUVA at the 254 nm wavelength is calculated as follows: 
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SUVA254 (L mg -1 m-1) = [A254/TOC]*100   Eqn 1) 
 
With A254 = absorbance at 254nm, TOC = concentration of DOC in mg C L-1. The 100 
multiplier is used to convert from cm to m for a 1cm pathway quartz cell used to measure 
absorbance. Specific absorbance coefficient (SAC) is another spectroscopic technique similar to 
SUVA using absorbance as a means to assess molecular properties of DOC. For this research, 
the SAC at the 340nm and 350nm wavelengths were calculated as follows: 
 
SACλ (cm2/mg) = [2.303*Aλ/d)]/[TOC/1000cm3]  Eqn 2) 
 
With λ = absorbance at any chosen wavelength (i.e., 340nm and 350nm), Aλ = 
absorbance at chosen wavelength (λ), TOC = concentration of DOC in mg C L-1, and d = cell 
path length (cm). Potential interferences on UV absorbance include NO3-, Fe3+ and Fe2+ 
(Weishaar et al., 2003) where iron may likely be an issue in some of the AMD impacted streams. 
UV absorbance was measured with a ThermoScientific™ AquaMate™ Plus UV-VIS 
spectrophotometer. Scans were performed from 190nm to 700nm at a rate of 200nm/minute in a 
1cm pathway quartz cuvette. A DI water blank was measured each time to account for 
background absorbance.   
For fluorescence characterization, emission scans were performed from 250 nm to 830 
nm whereas excitation scans covered 240 nm to 800 nm. These data from fluorescence scans can 
be used to produce 3-D plots called EEM that are not used for this study but can be used for 
various application related to more discreet compositional analysis of DOC (Coble, 1996; Cory 
and McKnight, 2005; McKnight et al., 2001; Westerhoff et al., 2001).  Fluorescence indexes 
38 
 
were calculated using the ratio of 470 nm to 520 nm emission intensities at the 370 nm excitation 
wavelength (Cory and McKnight, 2005). Fluorescence data (excitation and emission intensities) 
of each DOC sample was obtained using a Horiba Fluoromax™ 4 fluorometer for samples 
collected through summer of 2013. In fall 2013 a new fluorometer, Horiba Aqualog™, replaced 
the Fluoromax™ instrument. Suwannee River Fulvic Acid (SRFA) purchased from the 
International Humic Substances Society (St. Paul, MN) was used as a control sample for both the 
Fluoromax™ and Aqualog™ instruments and no substantial differences in the EEMs were noted. 
The only difference between the two instruments was somewhat lower intensities (cps) recorded 
with the Aqualog™. An optically pure (Starna™ Cells #23-Q-10) quartz cuvette with a 1 cm 
pathway was used for each measurement and rinsed a minimum of ten times with Millipore 
deionized water. Blank results were compared to previous readings in order to account for 
potential contamination due to improper decontamination between instrument users. 
 
2.6 Results and Discussion 
 This section presents the results of using spectroscopic characterization and conservative 
solute calculations on DOC collected in this study. In addition, general water chemistry of the 
streams included in this study are also presented to demonstrate the impacts of AMD and general 
chemical fluctuations. Comprehensive water chemistry results are found in Appendix B for all 
surface water and groundwater sites included in this research. All optical spectroscopy results 
including SUVA254, FI, SAC340, SAC350 are found in Appendix C. ICP analysis of FA for Fe and 





2.6.1 Water Chemistry 
Field and laboratory results for all three watersheds are shown in Table 2.1 through Table 
2.3 with indicated number of sampling events (n). Median, maximum, and minimum values are 
shown to illustrate the variability in water chemistry due to seasonality and influence on water 
chemistry by AMD/ARD impacted tributaries. Comprehensive water chemistry results for all 
sites can be found in Appendix B. Upon examination of pH and alkalinity, the influence of 
AMD/ARD is noticeable by the reduction in pH and buffering capacity of the pristine streams at 
the confluence. In most cases pH decreases by nearly two units and alkalinity results are 
generally below the limit of detection. 
Concentrations of Fe, Al, Cu, and Zn increase by orders-of-magnitude relative to those in 
the pristine streams. The increased mobilization of heavy metals is the result of additional AMD 
from flushing of stagnant water from numerous mine waste rock and tailings piles in hydrologic 
contact with snow melt located throughout mining districts. More importantly, there is a 
noticeable increase in Fe and Al concentrations where colloidal Fe and Al can be inferred by the 
difference between the total and dissolved (filtered through a 0.1 µm membrane). Amounts of 
colloidal Fe and Al (as HFO and HAO) influence the amount of fractionation with DOC.  
The concentration of bulk DOC widely vary from <1.0 mg C/L to nearly 5.0 mg C/L. 
This variation is likely the result of seasonal inputs from the pristine tributaries and fractionation 
at the confluences. During the late-spring/early-summer period, DOC loading into surface water 
drastically increase in response to loading from snow melt run-off. The increased DOC 
concentrations can be attributed to the sudden snow melt flush mobilizing terrestrial DOC into 






Table 2.1 General Water Chemistry for the Deer Creek/Snake River System (n=10) 
 Deer Creek Snake River Below Confluence Snake River Above Confluence 
Median Max. Min. Median Max. Min. Median Max. Min. 
pHa 7.1 8.0 6.3 5.1 5.4 4.7 3.7 4.1 3.5 
Alkalinityb 24 26 21 BDLh BDLh BDLh BDLh BDLh BDLh 
DOCc 2.3 5.6 1.2 1.1 1.9 0.8 1.1 2.7 0.6 
Diss Cad 11.7 16.4 8.3 11.7 19.3 7.8 13.4 24.9 7.5 
Diss Mgd 2.5 7.2 1.4 4.8 9.4 2.7 8.3 14.9 4.0 
Diss Nad 1.2 2.8 0.3 1.5 2.2 0.1 2.4 4.5 0.3 
Diss Kd 0.7 1.0 <0.5 0.8 1.1 <0.5 1.0 1.6 <0.5 
Cl- d 0.4 0.6 0.2 1.2 1.9 BDLh 0.7 1.9 BDLh 
SO42- d 13 19 8 63 97 35 116 169 57 
Total Fef 0.31 1.42 <0.01 1.36 7.30 <0.1 1.77 5.8 <0.1 
Diss Fed 0.07 0.08 <0.01 0.31 0.47 <0.1 1.08 2.1 0.4 
Total Alf 0.16 1.12 <0.01 4.09 6.48 1.97 7.0 12.0 3.0 
Diss Ald 0.04 0.16 <0.01 2.93 5.76 <0.01 7.1 12. 3.0 
Total Cug 23 78 <4.0 19 30 13 31 43 18 
Diss Cue 13 25 <4.0 17 21 <4.0 27 40 12 
Total Zng 146 1,100 <5.0 490 822 162 800 1,400 200 
Diss Zne 23 45 <5.0 456 853 30 900 1,500 400 
a. Standard Units (S.U.) 
b. mg/L CaCO3 
c. Bulk DOC filtered through a 0.45 µm membrane filter, mg/L 
d. Filtered through a 0.1 µm membrane filter, mg/L 
e. Filtered through a 0.1 µm membrane filter, µg/L 
f. Total recoverable metals, mg/L 
g. Total recoverable metals, µg/L 














Table 2.2 General Water Chemistry for the Colorado Gulch/Little Frying Pan System (n=9) 
 
Colorado Gulch 
Colorado Gulch Below 
Confluence Little Frying Pan 
Median Max. Min. Median Max. Min. Median Max. Min. 
pHa 6.8 7.2 6.0 6.2 7.4 4.2 3.2 3.8 2.7 
Alkalinityb 12 18 7 13 32 BDLh BDLh BDLh BDLh 
DOCc 2.8 4.5 1.3 2.1 3.8 1.3 1.3 2.0 0.9 
Diss Cad 2.7 4.4 1.2 3.6 5.8 2.2 14.4 22.5 7.4 
Diss Mgd 1.6 8.2 0.3 2.9 20.1 0.8 5.8 8.2 2.9 
Diss Nad 1.4 2.6 0.7 1.5 2.4 0.3 2.7 5.6 1.1 
Diss Kd 0.7 0.8 <0.5 0.6 0.8 <0.5 1.4 1.9 <0.5 
Cl- d 0.4 1.9 0.3 0.5 4.0 0.3 2.2 5.4 BDLh 
SO42- d 4 17 2 9 29 4 117 830 76 
Total Fef 0.79 3.60 <0.01 0.66 2.02 <0.01 8.7 25.9 1.8 
Diss Fed 0.17 0.82 <0.01 1.85 11.9 <0.01 7.7 26.5 1.2 
Total Alf 0.47 2.37 0.12 2.4 21.0 0.14 7.5 11.6 2.9 
Diss Ald 0.07 0.13 <0.01 1.4 12.6 0.06 6.2 9.9 <0.01 
Total Cug 11 17 <4.0 188 1,700 5.0 521 1,100 149 
Diss Cue 8 9 <4.0 166 1,400 <4.0 490 1,100 149 
Total Zng 73 182 <5.0 830 7,000 64 3,700 1,700 5,900 
Diss Zne 79 210 <5.0 872 7,300 93 3,600 5,800 1,200 
a. Standard Units (S.U.) 
b. mg/L CaCO3 
c. Bulk DOC filtered through a 0.45 µm membrane filter, mg/L 
d. Filtered through a 0.1 µm membrane filter, mg/L 
e. Filtered through a 0.1 µm membrane filter, µg/L 
f. Total recoverable metals, mg/L 
g. Total recoverable metals, µg/L 















Table 2.3 General Water Chemistry for the Shingle Mill/St. Kevin System (n=7) 
 Shingle Mill St. Kevin Below Confluence St. Kevin Above Confluence 
Median Max. Min. Median Max. Min. Median Max. Min. 
pHa 6.6 7.4 5.9 4.1 4.8 3.4 3.6 4.1 3.1 
Alkalinityb 12 15 8 BDLh BDLh BDLh BDLh BDLh BDLh 
DOCc 2.2 4.5 1.1 1.4 2.0 0.8 1.2 2.0 0.7 
Diss Cad 4.5 7.5 2.1 9.7 15.2 4.0 12.4 22.7 4.2 
Diss Mgd 1.5 2.7 0.7 3.8 6.1 1.6 5.3 10.0 1.8 
Diss Nad 1.6 2.4 0.6 1.5 2.4 0.4 1.8 3.4 0.7 
Diss Kd 0.7 1.0 <0.5 0.7 1.0 <0.5 0.8 1.2 <0.5 
Cl- d 0.7 1.5 0.3 1.4 3.2 BDLh 0.9 3.5 BDLh 
SO42- d 16 27 3 56 117 20 89 160 25 
Total Fef 0.31 0.72 <0.01 2.55 4.50 0.3 4.2 7.7 0.9 
Diss Fed 0.12 0.37 <0.01 2.00 3.74 0.26 4.0 8.2 0.3 
Total Alf 0.13 0.36 0.04 1.5 2.4 0.7 2.3 4.0 0.9 
Diss Ald 0.07 0.23 <0.01 1.5 2.5 0.7 2.3 4.2 0.8 
Total Cug 10 13 <4.0 67 87 47 101 141 61 
Diss Cue 7 9 <4.0 62 87 38 98 146 57 
Total Zng 473 1,300 57 5,300 2,200 8,300 7,900 13,000 2,700 
Diss Zne 483 1,300 53 5,400 2,300 9,500 8,000 14,000 2,700 
a. Standard Units (S.U.) 
b. mg/L CaCO3 
c. Bulk DOC filtered through a 0.45 µm membrane filter, mg/L 
d. Filtered through a 0.1 µm membrane filter, mg/L 
e. Filtered through a 0.1 µm membrane filter, µg/L 
f. Total recoverable metals, mg/L 
g. Total recoverable metals, µg/L 







2.6.2 FA Optical Spectroscopy Results 
Graphs of SUVA254 verses FI results provide a basis to evaluate if alterations on the 
molecular properties of DOC are due to fractionation, source, and/or seasonality. Changes in 
DOC is based on the principles of SUVA254 accounting for aromaticity and FI for likely DOC 
source (allochthonous or autochthonous). It is anticipated that seasonal shifts from spring to 
winter sources within the watersheds included in this study will result in DOC with higher 
SUVA254 and lower FI shifting to lower SUVA254 and an increase in FI. If fractionation is 
significant, the resulting DOC in the water column as described in Section 2.1.1.4 should have 
lower SUVA254 than DOC from the pristine tributary. 
Microsoft Excel™ software was used for ANOVA (Analysis of Variance) statistical 
models applied to each group of SUVA254 verses FI results. To determine if the data points in 
each plot are significantly different, a p<0.05 was chosen as the numerical threshold where 
values >0.05 indicate that the data points are not significantly different. The use of ANOVA 
provides statistical support to identify trends in data such as seasonal shifts where changes in 
SUVA254 and FI are significant from one season to another. However, if there is very little 
variation throughout the seasons then the data points will likely not be significant which may 
possibly indicate one process such as fractionation controls SUVA254 and FI. In addition to 
ANOVA, linear regression results are included to indicate a linear relation and correlation of all 
the data. 
To remove potential geographic variations and examine the influence of fractionation on 
the optical properties of FA, the SUVA254 vs. FI results for each season of the pristine, 
confluence, and AMD/ARD sites are presented in Figures 2.4.1 through 2.4.3, 2.5.1 through 
2.5.3, and 2.6.1 through 2.6.3. If source is the primary control on FA optical characteristics then 
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it would be expected that FA from these sites (Pristine, AMD, and confluence) should all have 
similar patterns. However, it appears that other processes affecting FA from the AMD/ARD 
streams (Snake River, Little Frying Pan, and St. Kevin) and at their respective confluences that 
likely include fractionation and possibly different DOC sources. If fractionation is the more 
significant process, there should be observable changes in the optical properties of SUVA and FI 
at the confluence. 
FA from Deer Creek (Figure 2.4.1) does not show any trend and has poor correlation (R2 
= 0.01) with SUVA254 and FI shifting towards less aromatic more autochthonous DOC from 
spring/summer to fall/winter. The weak trend are supported by the results not being significantly 
different (p = 0.73). In addition, FI does not show much variability (1.4±0.1) that suggest DOC 
source remains relatively constant throughout the year. The Snake River above the confluence 
(Figure 2.4.3) appears to have similar optical patterns and regression slopes as Deer Creek 
(Figure 2.4.1) with slight differences in SUVA254 maximum values of 4.18 L mg-1 m-1 for Deer 
Creek and 3.52 L mg-1 m-1 for Snake River. The similarities in SUVA254 and FI trends between 
Deer Creek and Snake River above the confluence suggest that they may have similar sources of 
DOC. However, at the confluence (Figure 2.4.2), the optical patterns and regression slope is not 
retained; results in SUVA254 vary only from 0.86 L mg-1 m-1 to 2.12 L mg-1 m-1 and FI values 
from 1.22 to 1.74. Furthermore, the SUVA254 and FI results for the AMD and confluence sites 
are not statistically different (p = 0.69 and p = 0.62) that suggests that the lack of any seasonal 
shift exists that would induce variability in SUVA254 and FI. But variability in SUVA254 that is 
apparent in both streams above the confluence disappears below the confluence; fractionation 





Figures 2.4.1-2.4.2. SUVA254 vs. F.I. for Deer Creek (2.4.1), confluence (2.4.2), and Snake  
River above the confluence (2.4.3). Sample dates (month-day-year)are shown on the figure.  
Linear regression and statistical ANOVA regression results are also shown.  
 
Shingle Mill Gulch (Figure 2.5.1) appears to have a relatively strong linear correlation 
(R2 = 0.87) however, the shift from spring/summer to fall/winter is not apparent. Spring/summer 
and fall/winter DOC appears to have similar SUVA254 and FI for samples collected in 2012 and 
2013; DOC samples collected in 2014 have higher SUVA254 and lower FI values. The FI for 
pristine DOC is relatively similar (1.25 – 1.55) that suggests DOC source is likely constant. The 
greater SUVA254 values for the 2014 pristine DOC samples may be due to climate for which 
2014, as indicated in the hydrograph for the Upper Arkansas River (Figure 2.3), had more 
precipitation (snowpack) than 2012 and 2013. There appears to not be much variability in 















































































































  Sample Periods: 
         Spring and Summer 
          
         Fall and Winter 
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SUVA254 for DOC from the confluence (2.5.2) and St. Kevin Gulch above the confluence (2.5.3)
that is likely due to fractionation. The lack of correlation (R2 = 7E-06 and R2 = 0.02) and 
insignificant relationship between data (p-values > 0.05) in the AMD/ARD tributary (Figure 
2.5.3) and the confluence (Figure 2.5.2) suggests, as noticed for the Deer Creek/Snake River site, 
a likely lack of seasonality. More specifically, the lack of variability in SUVA254 at the 
confluence supports the concept of fractionation resulting in DOC with low aromaticity 
throughout the year.   
 
 
   
  
Figures 2.5.1 through 2.5.3. SUVA254 vs. F.I. for Shingle Mill Gulch (2.5.1), confluence (2.5.2), 
and St. Kevin Gulch above the confluence (2.5.3) are shown. Linear regression and statistical 
ANOVA regression results are also shown. 
 




































































































  Sample Periods: 
         Spring and Summer 
          
         Fall and Winter 
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SUVA254 vs. FI results from the Colorado Gulch/Little Frying Pan watershed are shown 
in Figures 2.6.1 through 2.6.3. The hydrology for Colorado Gulch/Little Frying Pan is slightly 
different than for the Deer Creek/Snake River and Shingle Mill Gulch/St. Kevin Gulch sites with 
flow from the Little Frying Pan (AMD) tributary only contributing, on average < 1% to 5% of 
the total flow at the confluence. The importance of describing the flow contribution is that 
chemical signatures including those related to DOC are not obviously altered when compared to 
the other two watersheds. The pristine site in Colorado Gulch shows a slightly stronger trend and 
correlation (R2 = 0.21) than Deer Creek for SUVA254 and FI shifting towards less aromatic more 
autochthonous DOC. Results for the confluence site (Figure 2.6.2) show that SUVA254 ranges 
from 1.23 L mg-1 m-1 to 4.16 L mg-1 m-1 and FI from 1.15 to 1.54. Compared to FA from the 
Snake River and St. Kevin, the regression slope is not nearly as flat for the confluence in 
Colorado Gulch that is likely due to a much smaller contribution from the AMD tributary than 
the other two sites. Optical properties in the AMD/ARD tributary (Figure 2.6.3) result in fairly 
consistent SUVA254 that range from 1.09 L mg-1 m-1 to 2.86 L mg-1 m-1 and FI that range from  to 
1.18 to 1.64. 
Figures 2.7.1 through 2.7.3 shows SUVA254 verses FI for all samples collected in this 
study to observe if the trends and consequences of fractionation previously discussed for each 
individual site are stronger when the data are grouped together. The pristine streams (Figure 
2.7.1), AMD/ARD tributaries (Figure 2.7.3) and confluences (Figure 2.7.2) are shown 
separately. Suwanee River Fulvic Acid (SRFA) is also shown as a fulvic acid reference sample. 
Its measured SUVA values of 3.27 and 3.50 L mg-1 m-1 are consistent with the literature values 
that span a range of 3.20 to 4.00 L mg-1 m-1 (Smith et al., 2014; Weishaar et al., 2003).  Similarly 
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the measured FI for SRFA was 1.27 and 1.23 as compared to the literature value of 1.23 reported 
by Cory and McKnight (2005). 
 
   
  
Figures 2.6.1 through 2.6.3. SUVA254 vs. F.I. for Colorado Gulch (2.6.1), confluence (2.6.2), and 
Little Frying Pan Gulch above the confluence (2.6.3). Sample periods and dates are shown. Linear 
regression and statistical ANOVA regression results are also shown. 
 
 
The trend of FA from the pristine streams/tributaries shifting from aromatic, 
allochthonous characteristics in the spring becoming less aromatic and autochthonous in the 
fall/winter period is pronounced in Figure 2.7.1. This trend (Figure 2.7.1) for the pristine sites, as 
a whole, is significantly different (p = 0.002) and is likely a result of seasonal effects on DOC. In 
contrast, the AMD/ARD and confluence FA (Figures 2.7.3 and 2.7.2 respectively) there is no 
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         Spring and Summer 
          





clear trend; the relationships are not statistically significant (p values of 0.459 and 0.134). This 
result is likely because other mechanisms such as fractionation play a more dominant role than 




Figure 2.7.1 through 2.7.3. SUVA254 vs FI results for all watersheds included in this study as well 
as Suwanee River Fulvic Acid (SRFA) and groundwater from local wells and mine tunnels. Figure 
2.7.1 show (n=30) the pristine (Deer Creek, Colorado Gulch, and Shingle Mill) tributaries, 2.7.2 
(n=28) show the confluences (Snake River, Colorado Gulch, and St. Kevin Gulch below the 
confluence), and 2.7.3 show (n=26) the AMD/ARD (Snake River, St. Kevin Gulch, and Little 
Frying Pan Gulch above confluence) tributaries. Linear regression and statistical ANOVA results 
are also shown where p <0.05 is used to determine if results are significantly different. 



















































































1) 2) y = -5.6772x+10.369 
R2 = 0.2838 
n = 30 
p = 0.002 
y = -1.4848x+4.2361 
R2 = 0.0814 
n = 28 
p = 0.134 
3) 








y = -0.7059x+2.8536 
R2 = 0.0213 
n = 26 
p = 0.459 
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Three groundwater samples collected as part of this study are also included in Figures 
2.7.1 through 2.7.3 to see if their optical properties can be used to account as possible DOC 
source through groundwater discharge into streams. Their optical properties are consistent with 
SUVA254 (1.70 L mg-1 m-1) and FI (1.49-1.55) reported by Inamdar et al. (2012) alluding that 
groundwater has a more autochthonous signature (light-colored, low aromaticity) relative to 
SRFA and surface waters measured in this study. Because the source of DOC from these 
groundwater samples is unknown, it is unclear as whether this DOC can be categorized as 
autochthonous or allochthonous. The Canterbury Tunnel a draining tunnel near Leadville had a 
SUVA254 value of 2.43 L mg-1 m-1 and FI of 1.43 and the well water (Bissonnette Well) had 
values of 1.15 L mg-1 m-1 and 1.58 respectively. The DT Seep (Dinero Tunnel Seep) has values 
comparable to the well at 1.62 L mg-1 m-1 and 1.64 for SUVA254 and FI respectively. However it 
must be noted that the seep in the Dinero tunnel had obvious iron precipitate deposits suggesting 
possible fractionation by HFO. Overall, it is unclear if the contribution by groundwater is 
accurately represented by these samples. However, as shown by the Bissonnette Well sample, the 
optical characteristics are comparable to what is observed in the streams during the fall/winter 
periods. 
 
2.6.3 Role of source and Seasonal Variability on SUVA and FI in Pristine Tributaries 
In the pristine tributaries, variability in source and seasonality are important as related to 
changes in DOC composition. Optical properties of SUVA254 and FI were used to assess if DOC 
source and seasonality within watersheds affects the variability in DOC composition. As shown 
in Figure 2.7.1, there is a noticeable shift from high-SUVA254, low FI to low-SUVA254, higher FI 
from spring/summer to fall/winter samples that indicate a seasonal component is present in all 
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the watersheds. The range of SUVA254 in Figure 2.7a appears to be much larger than FI for the 
pristine FA that suggests source is likely relatively the same throughout the year but the 
molecular properties change due to seasonal variations. Spring/summer DOC samples included 
those that were collected from May through August of each year, when optical results of high 
SUVA254 and low FI indicate that DOC is mostly terrestrially derived. Source of allochthonous 
DOC in alpine watersheds is wetlands and riparian zones along streams. The autochthonous 
nature of fall/winter DOC is attributed to a decrease of terrestrially derived DOC mainly due to 
freezing conditions in soils and minimal primary productivity. 
The roles of source and seasonality are different when comparing the optical properties 
among the three watersheds included in this study. Wetlands are located near or at the 
headwaters of Deer Creek and Colorado Gulch watershed and are considered to be a source of 
allochthonous DOC throughout the year. Shingle Mill Gulch appears to be predominantly 
riparian without any comparable wetland coverage as noticed in Deer Creek and Colorado Gulch 
watersheds. Therefore, DOC from riparian areas in Shingle Mill may likely be seasonal and 
limited to spring snowmelt through late-summer. Fall/winter DOC samples are indicated (Figure 
2.7.1) by having optical results of lower SUVA254 and increased FI. However, there are a few 
fall/winter data points from the Colorado Gulch and Deer Creek that are located among the 
spring/summer data that indicate an allochthonous DOC. 
One characteristic that may be a factor in the optical characteristics of DOC is the 
concept of hydrologic resident time (HRT) as described by Chappaz and Curtis (2013) where 
long residence time resulted in darker colored DOC (higher SUVA254 and aromaticity) and 
shorter residence time results in lighter colored DOC (lower SUVA254 and aromaticity).  The 
Shingle Mill/St. Kevin (3.9 km2) watersheds are much smaller than the Deer Creek/Snake River 
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(22 km2) and Colorado Gulch/Little Frying Pan (7.8 km2) watersheds. Therefore, if watershed 
size is relevant to HRT, the residence time of groundwater in the soils with the Shingle Mill/St. 
Kevin watersheds is likely shorter than the other two watersheds included in this study. The 
effect on the spectroscopic characteristics of DOC from Shingle Mill due to less wetland/riparian 
coverage and shorter HRT is suggested by the relatively lower SUVA254 and higher FI values 
throughout most of the year with the exception of the spring snowmelt through early-summer 
periods.  
 
2.6.4 DOC Fractionation 
The optical DOC characterization data presented in Section 2.4.2 for the confluences and 
the AMD tributary, in comparison to the pristine tributary, allows for examination of 
fractionation processes. As noted in the optical plots for the AMD and confluence samples 
(Figures 2.7.2 and 2.7.3) there is not a shift from allochthonous, aromatic to autochthonous, less 
aromatic DOC as is observed for the pristine sites. Instead, what is observed at the AMD and 
confluence sites is likely related to fractionation processes that result in less aromatic (lower 
SUVA254) DOC. FI values for the spring, summer, and fall/winter periods appear to not vary 
much when compared to the pristine FA. Another approach is to use solute-loss calculations to 
test the conservative behavior of DOC. Not only will the solute-loss calculation approach 
account for mass loss of DOC from the water column but possibly any molecular changes that 
can be measured through optical spectroscopy. 
The hypothesis that DOC is fractionated by sorption to metal hydroxide precipitates 
requires loss of DOC in the confluences. If DOC behaves in a similar non-conservative manner, 
then a loss of DOC mass should be evident. Solute loss calculations (Equations 3 and 4), 
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presented by McKnight (1992) were used to evaluate if DOC behaves in a conservative or 
reactive manner. For this research, sulfate is assumed to behave in a conservative manner and 
was used to evaluate mixing proportions of the pristine and AMD/ARD tributaries. Equation 3 is 
used to determine the relative solute concentration proportion (CN) contributed by each tributary 
where Cconf is the concentration of sulfate measured at the confluence and Cprist is for the pristine 
tributary and CAMD is the AMD/ARD impacted tributary. The calculated values for CN are shown 
below in Table 2.4 for the Pristine and AMD/ARD tributaries sampled in the spring-summer and 
fall-winter (values in parentheses) periods. The predicted values for any constituent of interest 
(i.e., DOC, Fe, Al, etc.) are determined by Equation 4 using the CN values determined in 
Equation 3. 
          




Table 2.4 Relative concentration proportions (CN) contributed by pristine vs. AMD/ARD 
tributaries (fall/winter values in parentheses). The average CN values are shown for reach 
period. 
System Pristine1 AMD/ARD 2 
Deer Creek/Snake River 0.50 (0.40) 0.50 (0.60) 
Colorado Gulch/Little Frying Pan 
Gulch 
0.95 (0.999) 0.05 (0.001) 
Shingle Mill Gulch/St. Kevin gulch 0.45 (0.40) 0.55 (0.60) 
Notes: 
1. Determined by 1-CN 






























Graphs of predicted versus measured constituent concentrations are used to show if the 
constituents are exhibiting conservative or non-conservative behavior. If the predicted value is 
equal to the measured value (ratio = 1) then the constituent is considered to be conservative. 
Otherwise, non-conservative reactive behavior is likely, where the constituent is removed from 
the water column either by precipitation or sorption. Graphs of predicted verses measured 
concentrations of total, dissolved, and particulate Fe and Al at confluence sites are shown in 
Figures 2.8.1 through 2.8.3 and 2.9.1 through 2.9.3. For both Fe and Al (Figure 2.8.1 and 2.9.1), 
the total fractions suggest conservative behavior where there is no significant loss of mass from 
the water column. The dissolved fractions of Fe and Al (Figure 2.8.2 and 2.9.2) clearly show 
more reactive behavior where the predicted concentrations are greater than the measured 
concentrations, showing a net mass loss of the dissolved species from the water column. As 
shown in figures 2.8.3 and 2.9.3, the measured particulate fraction increases relative to the 
predicted fraction suggesting that the dissolved species of Fe and Al are lost from water column 
and have formed hydrous oxide (HFO and HAO) precipitants at the confluence. 
Solute loss calculations were also used for DOC (filterable bulk DOC), SUVA254, and FI 
at the confluence. Figure 2.10.1 shows measured versus predicted DOC concentrations for DOC 
collected from all three watersheds. In general, most of the data points fall above the 
conservative line suggesting that DOC behaves in a non-conservative, reactive manner. There 
also appears to be some differences in reactive behavior (as loss of DOC mass) between the 
spring/summer and fall/winter periods where most of the spring/summer points plot above the 
conservative line indicating spring/summer DOC is more reactive than fall/winter DOC. This 
distinct behavior of DOC between the spring/summer and fall/winter periods advocates that 
fractionation with HFO and HAO is more prevalent in the spring/summer than the fall/winter 
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periods. As shown in Figure 2.10.2, SUVA254 shows a similar trend as DOC, where most of the 
predicted values fall either above or below the conservative line. The decrease in SUVA254 
relative to predicted values suggest that the more aromatic, reactive fraction is preferentially 
sorbed onto HFO and HAO that forms at the confluences. In general, as shown in Figure 2.10.3, 
the FI values increase relative to the predicted FI values suggesting that the fractionation effects 
described for SUVA254 also affect the FI for the DOC included in this study. 
  
   
  
Figures 2.8.1 through 2.8.3 Confluence predicted verses measured solute mixing results for total 
(2.8.1), dissolved (2.8.2), and particulate (2.8.3) iron for spring/summer (gray symbols) and 










































































































   
  
Figures 2.9.1 through 2.9.3 Confluence solute mixing results for total (2.9.1), dissolved (2.9.2), 
and particulate (2.9.3) aluminum for spring/summer and fall/winter periods. Conservative 
behavior is indicated by the blue line.  
 
DOC loss, as shown in Figure 2.10.1, suggests that fractionation processes are associated 
with mixing between pristine and AMD/ARD impacted streams and help explain how DOC at 
the confluence become less aromatic (decreasing SUVA254) from reacting with HFO and HAO. 
The overall result, as seen in the confluence sites, is a fulvic acid with lower SUVA254 values 
(i.e., decreased aromaticity). This suggests that the more reactive, aromatic fraction of fulvic acid 
sorbs onto HFO and possibly HAO also resulting in the less aromatic fraction remaining in the 



































































































Snake River and, as indicated by results presented in this study, suggest it is occurring in other 
watersheds as well. 
 
   
  
Figures 2.10.1 through 2.10.3 Confluence solute mixing results for bulk DOC (2.10.1), SUVA254 
(2.10.2), and FI (2.10.3) for spring/summer and fall/winter periods. Conservative behavior is 
indicated by the blue line.  
 
2.7 Summary and Conclusions 
DOC characteristics of moiety and reactive behavior are complex and are reflective of 
numerous natural sources of variability (climate, source, hydrology, etc.) within the source area. 
This research has shown that although there is a likely seasonal variability component, it appears 
that DOC fractionation with HFO and HAO may be (more) significant as related to changes in 


















































































process is particularly true during the spring/summer periods, as demonstrated by optical 
properties and solute-loss models. It appears that fractionation results in optical properties (i.e., 
SUVA254 and FI) not behaving in a conservative manner and, therefore, supports the hypothesis 
that optical properties are affected by DOC fractionation with HFO and HAO. The result of 
fractionation is a decrease in SUVA254 and, therefore, aromaticity. Thus, the changes in the 
aromatic properties of DOC likely affect metal binding affinity and capacity of the remaining 
DOC and is the subject of Chapters 3 and 4 of this dissertation. 
Seasonal variation in the AMD tributaries and confluences included in this study appear 
to be less significant as compared to fractionation processes. However, variations in DOC 
characteristics from the spring and summer periods compared to the fall and winter seasons 
suggest, at least for the pristine tributary, a shift in DOC source. Although this research did not 
focus on determining the specific source of DOC (i.e., vegetative types), seasonal variability of 
optical properties in the pristine tributaries is likely be due to the hydrology and ecosystems of 
each watershed. The noticeable shift is likely a result of less input from soil-derived DOC and 
minimal primary productivity during the fall/winter periods as streams and soils begin to freeze 
and are snow covered. Other controls on DOC source may be related to likely groundwater 
discharge during base flow periods (fall through early-spring) and severe climatic shifts 
including drought. The decrease in mass of DOC lost at the confluence during the fall and winter 
indicate that fractionation processes are not as significant during this period and the change in 












Mineralized areas located in the Rocky Mountains of the United States are well known 
sources of acidic, metal laden waters that commonly originate from either acid rock drainage 
(ARD) and/or acid mine drainage (AMD). Historical hardrock mining in areas where sulfide 
minerals, such as pyrite, have undergone oxidation generate acidic water that generally has high 
concentrations of Fe, Al, and trace metals such as Cu, Pb, Cd, As, and Zn. As a result, many 
streams located within abandoned mining areas generally have poor aquatic health. Mixing of 
AMD/ARD impacted waters with neutral, un-impacted streams generally results in a pH increase 
and the formation of hydrous iron (HFO) and aluminum (HAO) oxide precipitates. These 
precipitates are responsible for sorption of trace metals (Munk et al., 2002) and DOC (McKnight 
et al., 2002; Smith et al., 2014). Not all components of DOC are sorbed to the same extent. As a 
result, fractionation of DOC with HFO and HAO results in noticeable chemical changes in 
aromaticity (McKnight et al., 1992; McKnight et al., 2002; Smith et al., 2014) and metal binding 
affinity of the remaining DOC in the water column.  This process is known to affect the ability of 
DOC to protect against copper toxicity (Smith et al., 2014; Tipping et al., 2002). 
DOC is a complex mixture of organic acids, proteins, and carbohydrates that is known as an 
important regulator in nutrient cycling, source of energy, and complexing agent for metals 
(Aiken et al., 1985; Thurman, 1985). The soluble fraction of DOC consists primarily of humic 
and fulvic (FA) acids that are important in metal binding and protection against metal toxicity. 
The FA component of DOC makes up approximately 65% of the soluble and reactive fraction of 
DOC. The aromatic component of DOC is known to be important in metal binding and can be 
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estimated using various types of optical spectroscopic measurements (Chappaz and Curtis, 2013; 
Gheorghiu et al., 2010).  
Currently, most national recommended water quality and aquatic life metals criteria are 
based on hardness concentrations. This is a relatively conservative approach that does not how 
consider other potential ligands (e.g., DOC) bind with metals. Recently, the USEPA (USEPA, 
2007) adopted the Biotic Ligand Model (BLM) in the development of copper ambient water 
quality standards. The BLM includes general water chemistry values (i.e., pH, alkalinity, major 
cations, major anions) and, in particular, DOC (Smith et al., 2015). The values for DOC are input 
as the concentration of dissolved organic carbon (mg/L DOC) and % humic acid (HA), for which 
the %HA can be set by the user. Therefore the BLM has the additional benefit of accounting for 
DOC metal binding in its computations. 
 
3.1 Copper Toxicity and the Biotic Ligand Model 
The chemical speciation of toxic metals is an important consideration in aquatic toxicity 
and associated regulatory approaches and needs. It is known that the free ion species of heavy 
metals has the greatest toxicity to aquatic organisms (Di Toro et al., 2001; Pagenkopf, 1983; 
Santore et al., 2001; Wood et al., 2011). The formation of aqueous complexes generally results in 
a decrease in the toxicological effect of metals due to the conversion of free ion metal species to 
various aqueous complexes (Di Toro et al., 2001; Pagenkopf, 1983). Aqueous complexation 
reactions include binding of free metal ions with both inorganic (i.e., Cl-, SO42-, CO32-, OH-) and 
organic (DOC) ligands. 
Toxicity of free ion metals can be reduced with high levels of water hardness (Ca2+ and 
Mg2+) through competition with toxic metals for binding sites at the biotic surfaces, such as gills 
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(Gheorghiu et al., 2010; Pagenkopf, 1983; Richards et al., 2001). In contrast, the ligands present 
in DOC suppress the toxicological effects of metals in waters, including those impacted by 
AMD, through complexation with metals in the aqueous phase. 
Di Toro et al. (2001) presented a conceptual model (Chapter 1; Figure 1.2) for the 
binding of a toxic free metal ion Me2+ (i.e., Cu2+) onto gill surfaces of fish. This conceptual 
model is the basis for a computational model referred to as the Biotic Ligand Model (BLM). The 
BLM computes the effects of mineral hardness and DOC on the bioavailability of various metals 
including Cu2+.  Computations account for copper’s ability to form non-bioavailable complexes 
with ligands (DOC and anions) and for competition with hardness (Ca2+ and Mg2+) and the 
hydrogen ion (H+) for binding at the biotic ligand. The biotic ligand component of this model 
represents the gill surface of aquatic organisms such as fish and benthic macro-invertebrates. 
 
3.2 DOC Quality and Copper Toxicity 
Several studies have examined the role of DOC quality (i.e., source) in the reduction of 
acute toxicity (De Schamphelaere et al., 2004; Gheorghiu et al., 2010; Klinck et al., 2005; 
Macdonald et al., 2002; Smith et al., 2014; Wood et al., 2011). Spectroscopic measurements 
using UV absorbance are commonly used as proxy to estimate the inherent aromatic nature of 
DOC and its protective effects on metal toxicity (Al-Reasi et al., 2011; Wood et al., 2011). 
Klinck et al. (2005) used DOC collected from Ontario, Canada, to observe if source, as 
characterized by the specific absorbance coefficient at 340 nm (SAC340), is significant in 
decreasing the concentration of Hg binding onto rainbow trout (Oncorhynchus mykiss) gills at 
time intervals of 3 hours, 24 hours, and 72 hours. Their findings indicated that optically darker 
DOC associated with higher SAC340 values provided a greater protective effect (decreased Hg 
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accumulation on gills) than optically lighter DOC. Similar protective effects were also observed 
by Macdonald et al. (2002) in the development of a Pb-gill binding model that included DOC 
from several sources with associated SAC340 measurements to account for the optical properties 
related to their source. Richards et al. (2001) used DOC from three sources (allochthonous to 
autochthonous) and noted that their protective effect from 72-hour acute Cu toxicity tests is 
related to their SAC350 values. Richards (2001) developed DOC quality factors (F) that are 
multiplication factors for the number of metal-binding sites per mg C. The DOC quality factor 
(F) can be determined using specific absorbance at 350nm (SAC350): 
 
     F = 0.21*ln(SAC350)    Eqn 1) 
 
The multiplier provides an estimated reduction in metal toxicity (%).  However, due to the small 
number (n=3) of DOC samples used in his study, this application may be limited to similar 
sources of DOC. 
De Schamphelaere et al. (2004) investigated the importance of various DOC sources on 
measured aquatic Cu toxicity. He noted a positive correlation (R2 = 0.70) between the EC50 of Cu 
toxicity for D. magna and the SAC350 of DOC from Europe and the United States (including 
SRFA). De Schamphelaere et al. (2004) introduced the role of percent active fulvic acid (%AFA) 
that is relevant to the input parameter of DOC for the BLM. The default value is 50% AFA 
meaning that only 50% of the input DOC concentration actively binds with metals. It is noted by 
De Schamphelaere et al. (2004) reported that the %HA utilized by the BLM does not accurately 
represent the variability of metal binding associated with different sources of DOC. Therefore, 
an optimized active fulvic acid percent (%AFAopt) was developed to adjust for various DOC that 
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resulted in a near perfect agreement between observed and predicted 48-hour EC50 values. The 
%AFA proposed by De Schamphelaere et al. (2004) uses the absorbance coefficient at 350nm 
(ε350) and a slope value generated as follows: 
 
    %AFAopt = slope*ε350     Eqn 2)   
 
They present a final numerical approach of acute copper toxicity for Daphnia magna where 
absorbance measured at 350nm can be input into the following formula to calculate a DOC input 
concentration representative of DOC: 
 
    DOCinput = (slope * A350)/100*d   Eqn 3) 
 
With a slope value of 5,267±251 (r2 = 0.8349, n = 13, p<0.001) for Daphnia magna. This 
approach by De Schamphelaere et al. (2004) provides a means of utilizing spectroscopic 
properties (absorbance) of DOC to parameterize the BLM to account for potential differences in 
DOC quality. 
 
3.3 Research Hypothesis and Objectives 
The research hypotheses to be evaluated in this chapter are that (1) DOC fractionation 
processes due to source and seasonality result in dissolved DOC with less protective ability 
against metal toxicity; (2) optical properties of DOC can be used as a predictive measurement of 
acute metal toxicity; and (3) toxicological effects related to variability in DOC quality as a result 
of fractionation or other process (i.e.,, source and seasonality) is accounted for in the BLM. This 
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chapter presents results of acute aquatic toxicity tests that evaluate how DOC characteristics 
related to source and fractionation affect Cu toxicity. Several FA samples collected from field 
sites were selected based on their respective spectroscopic properties and used in acute toxicity 
tests to examine the relationship between their optical properties and associated EC50 for Cu 
toxicity to D. magna. In an attempt to simulate natural fractionation, SRFA and select site 
pristine FA was fractionated in a laboratory setting with HFO and HAO. The laboratory 
fractionated FA was examined with spectroscopic methods discussed in Chapter 2 and used in 
acute toxicity tests. Lastly, this chapter provides a comparison of laboratory results of acute 
toxicity tests using various field FA and laboratory fractionated FA with results predicted by the 
BLM.  
 
3.4 Methods and Materials 
This section describes laboratory methods used in this study for measuring acute copper 
toxicity. Criteria used for the selection of specific field FA is included in order to understand the 
relationship between optical properties and acute copper toxicity using D. magna. Laboratory 
fractionation methods used on SRFA and field FA are included along with spectroscopic results. 
Finally, the acute toxicity test methods are described along with computational approach in 
calculating EC50 values. All water chemistry results from acute copper toxicity testing are found 
in Appendix D. 
 
3.4.1 Selection Criteria for FA Used in Acute Copper Toxicity Tests 
Fulvic acid samples isolated from several sites were selected for toxicity testing based on 
FA spectroscopic characteristics that spanned low to high values of SUVA254 and FI. The 
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selection of FA, for pristine sites, is based on the observation that high SUVA254 and lower FI is 
representative of allochthonous DOC whereas lower SUVA254 and greater FI are characteristic of 
autochthonous DOC (Brooks et al., 1999; Terajima and Moriizumi, 2013; Thurman, 1985). 
Many of the FA samples collected in this study were not used for toxicity testing due to either 
low concentrations (FA from fall/winter periods) or low sample volume available to successfully 
create the desired final concentration (i.e., 1 L of 3 mg C/L FA) for toxicity tests.  
The selected FA samples include some representative of pristine, confluence, and 
AMD/ARD sites to observe if DOC fractionation reactions or DOC source have a significant 
influence on Cu toxicity. When adequate FA solution was available and a significant difference 
in optical values for FA was observed, FA from all three sites at a confluence was included for 
toxicity testing. Therefore, FA from the Colorado Gulch/Little Frying Pan Gulch (collected on 
June 4, 2014), Deer Creek/Snake River (collected on May 22, 2014), and Shingle Mill/St. Kevin 
(collected on June 2, 2014) systems were selected for acute toxicity testing based on FA 
availability and variability in optical (SUVA254 and FI) values. 
Spectroscopic characterization of FA includes the specific UV absorbance at 254nm 
(SUVA254), fluorescence index (FI), and the specific absorbance coefficient measured at the 
340nm (SAC340) and 350nm (SAC350) wavelengths. SUVA254 and FI measurements are used to 
characterize FA properties of aromaticity and general source (allochthonous verses 
autochthonous). The SAC340 and SAC350 are optical properties previously shown to correlate 
with protective effects of DOC against metal toxicity (De Schamphelaere et al., 2004; Richards 
et al., 2001; Wood et al., 2011). SUVA254 (L mg-1 m-1) was calculated as follows: 
 
SUVA254 = [A254/TOC]*100          Eqn 4) 
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With A254 = absorbance at 254 nm, TOC = concentration of DOC in mg C L-1. The 100 
multiplier is used for a 1 cm pathway quartz cell used to measure absorbance. The SAC340 and 
SAC350 were calculated as follows in equations 5 and 6: 
 
    SAC340 = (2.303*A340*d)/(TOC*1000)      Eqn 5) 
 
    SAC350 = (2.303*A350*d)/(TOC*1000)     Eqn 6) 
 
With A340 = absorbance at 340 nm, A350 = absorbance at 350 nm, d = path length (1 cm), and 
TOC = concentration of DOC in mg C L-1. The fluorescence index (FI) was determined 
(Equation 7) as developed by Cory and McKnight (2005): 
 
    FI = EM470/EM520                                         Eqn 7) 
 
With EM470 = emission intensity at 470 nm and EM520 = emission intensity at 520 nm both 
measured at an excitation of 370 nm. 
 
3.4.2 Laboratory Fractionation of SRFA and Selected Site FA 
Suwannee River Fulvic Acid (SRFA) and FA from selected field sites (Site FA) were 
fractionated with HFO and HAO in a laboratory setting in an attempt to replicate natural 
fractionation and its associated spectroscopic properties. SRFA is a well characterized FA that 
provides a baseline to observe if fractionation with HFO and HAO alters the molecular 
properties of SRFA such as aromaticity. Pristine site FA from Shingle Mill (SM), Deer Creek 
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(DC), and Colorado Gulch (COG) that were collected within the same time period (spring 2014) 
also were fractionated. Most laboratory fractionation experiments used HAO instead of HFO 
because Fe3+ is known to interfere with UV absorbance (Weishaar et al., 2003). 
Fractionation experiments used stock concentrations (10,000 mg/L) of Fe3+ and Al3+ 
originating from FeCl3 (Fischer Scientific I89-500) and AlCl3 (Fischer Scientific A576-500) salts 
prepared in DI water. FA and Fe3+ or Al3+ were added to achieve the concentrations shown in 
Table 3.1 in USEPA reconstituted moderately hard laboratory water (MHW) and allowed to 
equilibrate for 24 hours (USEPA, 2007b). In order to ensure fractionation of FA, ratios of FA to 
HFO/HAO included 1:2 (FA: HAO and FA: HFO) and 1:4 (FA: HFO) were used. For example, 
Figure 3.1 shows visible HFO (middle flask) where 10 mg C/L FA was mixed with 20 mg/L Fe3+ 
in EPA MHW. It is important to note that equal masses (20 mg/L each) of Fe and Al result in 
different molar quantities (i.e., 20 mg/L Al = 0.74 mmol Al and 20 mg/L Fe = 0.36 mmol Fe). 
Therefore, for a mole-to-mole comparison with a 20 mg C/L SRFA + 40 mg/L HAO mixture, a 
solution of 20 mg C/L SRFA + 80 mg/L Fe3+ was also included to see if the fractionated FA has 
comparable optical characteristics. Each mixture was allowed to equilibrate for at least 24 hours 
then filtered using a 0.45µm membrane (Figure 3.2) to remove the particulate HFO/HAO (and 
sorbed FA) and acidified with trace metal grade HCl. The FA in the filtrate was then isolated 
using the isolation method that uses DAX-8 (formally known as XAD-8) resin (Aiken et al., 
1985; Thurman and Malcolm, 1981). The isolated FA concentrates were diluted with MHRW to 
achieve a DOC concentration of approximately 3.0 mg C/L. Acute copper toxicity test that used 
fractionated FA are indicated by Fe or Al in brackets along with the associated concentration as 





Figure 3.1 Aliquots of FA and HFO/HAO after equilibrating for 24 hours prior to filtration. 
Concentrations of FA and HFO/HAO are indicated. Flasks in the back row contain filtrate of front 
row samples. 
 
Table 3.1 Summary of FA Fractionation Mixtures in USEPA reconstituted 
moderately hard laboratory water. SRFA = Suwanee River Fulvic Acid; SM (Al) = 
Shingle Mill Gulch fractionated with aluminum; DC (Al) = Deer Creek fractionated 
with aluminum; COG = Colorado Gulch fractionated with aluminum. 
Sample ID 
FA, mg C/L [Fe3+], mg/L [Al 3+], mg/L 
SRFA 10 0 0 
SRFA + 20mg/L Fe 10 20 0 
SRFA + 20mg/L Al 10 0 20 
SRFA + 80mg/L Fe 20 80 0 
SM (Al) + 20mg/L Al 10 0 20 
DC (Al) + 20mg/L Al 10 0 20 




Figure 3.2 Filters from FA/HFO and FA/HAO mixtures. 
 
3.4.3 Acute Copper Toxicity Tests 
DOC moderation of metal toxicity to aquatic organisms is measured by laboratory 
toxicological testing to produce dose-response relationships and are described by the lethal or 
effective concentration to 50 percent of the test organisms (LC50 or EC50) (De Schamphelaere et 
al., 2004; Giesy Jr et al., 1977; Park et al., 2009; Smith et al., 2014). Toxicity tests were 
conducted following EPA guidelines for measuring acute toxicity to freshwater organisms 
(USEPA, 2007b). Cultured Daphnia magna neonates (< 24 hours) from Aquatic BioSystems 
(ABS; Fort Collins, CO) were used for all acute toxicity testing. D. magna from ABS was 
chosen for consistency of age and also ease of use without having to culture neonates in our 
laboratory. All toxicity test solutions were prepared using reconstituted EPA moderately hard 
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water (USEPA, 2007b), FA (approximately 3 mg C/L DOC), and varying concentrations of Cu2+ 
from 0.1 M CuNO3 stock solution (ThermoScientific 0.1 M Cu2+ Standard, Orion 942906) in 
pre-cleaned (acid washed and triple-rinsed with de-ionized water) polypropylene containers. All 
toxicity aliquots were allowed to equilibrate at least 24 hours prior to adding neonates. Toxicity 
tests (48-hour) were conducted in a climate controlled environment (temperature maintained at 
25°C) with light exposure of 8 hours and dark for 16 hours.  
Upon completion of each 48-hour test, pH, temperature, and alkalinity were measured. 
Alkalinity followed the procedure for total alkalinity (Hach™ Method 10244) using bromol-
cresol green as the color indicator.  The control aliquot was used for confirmation analysis that 
included Ca, Mg, K, Na, Cl- and SO42- and total organic carbon (TOC). Metals and anion 
analyses were performed in the Colorado Mountain College Timberline Analytical Laboratory 
(CMC TAL). Metals analyses were performed by ICP-OES (Perkin Elmer Optima 7000DV ICP-
OES). Major anions were analyzed by Ion Chromatography (Dionex™ ICS 1600), analytes 
included Cl-, Br-, F-, NO3-, NO2-, SO42-, and PO43-. All analyses followed laboratory quality 
assurance and quality control as prescribed by EPA method 6210 for ICP-OES and method 
9056A for IC analyses. TOC analysis were performed in the Colorado School of Mines 
AQUATEC laboratory using high temperature combustion with NDIR detection (Shimadzu™ 
5000 TOC analyzer). All TOC samples were acidified (pH < 2.0) with H3PO4 to volatilize the 
inorganic carbon fraction (i.e., HCO3- and CO32-) and were stored at 4° C prior to analysis. 
Based on previous studies using SRFA in EPA MHW with a resulting EC50 of 86 µg 
Cu/L for D. magna and 41 µg Cu/L for C. dubia, Cu concentrations of 0, 20, 40, 50, 60, 70, 80, 
90, 100, 120, 150, and 200 µg Cu/L were used for 48-hour acute toxicity testing (De 
Schamphelaere et al., 2004; Smith et al., 2014). Duplicate 48-hour acute tests were completed for 
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each FA that used Cu concentrations near the measured EC50 results from the first toxicity test. 
An exception is the FA isolate from site LFP-05 8-5-14 for which only one test was performed 
due to an insufficient amount of FA available to complete duplicate acute toxicity tests. 
Statistical analysis and dose-response curves were completed using OriginPro™ software 
(OriginLab©; Northampton, MA). A sigmoidal fit for single metal toxicity testing was applied 
for each batch to provide an estimated value for acute copper toxicity of D. magna. OriginPro™ 
uses least-squares regression fits of logit-transformed data (Eqn 8): 
 � =  � + � −�+ log �0−log � ∗�    Eqn 8) 
 
The upper and lower mortality limits are expressed as A1 and A2 for the lower and upper 
values respectively. The concentration variable is x where x0 is the center of distribution (e.g., 
EC50). The slope of the mortality data is p; y is the resulting mortality. All predicted EC50 values 
were calculated with a 95% confidence interval. 
 
3.5 Results and Discussion 
This section presents the results of using a variety of FA in acute copper toxicity tests. FA 
used in this research includes SRFA, site FA, and FA that has undergone fractionation with HFO 
and HAO in the laboratory. Finally, the acute copper toxicity results from this research are 
compared to the BLM in order to determine if the current version of the BLM has the capability 





3.5.1 Toxicity Testing with Unfractionated and Fractionated SRFA and Site FA 
Dose-response curves for solutions containing unfractionated SRFA and SRFA 
fractionated with hydrous oxides are shown in Figure 3.3. Table 3.2 lists measured EC50 (µg 
Cu/L) values with 95% confidence intervals. DOC concentrations, pH, and alkalinity values are 
also provided in Table 3.2. Spectroscopic analysis including SUVA and FI of the 
isolated/fractionated FA were also measured and the results are shown in Table 3.3. The 
measured EC50 for unfractionated SRFA is 74 µg Cu/L with 95% confidence interval values of 
71 µg Cu/L and 78 µg Cu/L. The reported EC50 of 74 µg Cu/L for D. magna using SRFA from 
other studies is relatively close to the measured EC50 value from this research (De 
Schamphelaere et al., 2004; Smith et al., 2014). As shown in Figure 3.3, fractionation of SRFA 
with HFO (EC50 values of 42 and 20 µg Cu/L) and HAO (EC50 value of 25 µg Cu/L) results in a 
two- to nearly four-fold decrease in estimated EC50 values compared to unfractionated SRFA. As 
shown in Table 3.2 there are minimal differences in pH and alkalinity between each toxicity test 
in Figure 3.3. Thus, the differences in EC50 values are not due to variable water chemistry but 
rather to differences in binding characteristics between FA and Cu. Examination of spectroscopic 
values shown in Table 3.3 indicate that the concept of lower SUVA254 values related to less 
protection against copper toxicity is supported by the different EC50 values between 
unfractionated and fractionated SRFA.  
There is a considerable difference in EC50 and optical properties for SRFA fractionated 
with HFO compared to HAO where the mass concentrations of Fe and Al are the same at 20 
mg/L. For 20 mg/L Fe3+ the estimated EC50 is 42 µg Cu/L whereas for 20 mg/L Al the EC50 is 25 
µg/L; SUVA254 is 3.15 and 1.82 L mg-1 m-1, respectively. The differences for EC50 and SUVA254 
are likely explained by Al verses Fe on a mole-to-mole comparison that was discussed in Section 
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3.2.2. Therefore, there are likely more binding sites available for HAO than HFO at the same 
mass concentration, which results in removal of a greater mass of FA due to sorption. Another 
possible explanation is that DOC binding characteristics with HAO are different than with HFO, 
although this is not apparent from the dose-response curves and spectroscopic results. The 
different binding interactions between DOC and hydrous metal oxides are likely due to 
physiochemical properties of surface area, surface charge density, and binding strength 
associated with HAO and HFO (Dzombak and Morel, 1990; Karamalidis and Dzombak, 2011). 
The dose-response curves for SRFA represent the results of fractionated FA in a controlled 




Figure 3.3 48-hour chronic toxicity results with unfractionated SRFA, and fractionated SRFA. 













Total Cu, µg Cu/L
SRFA
SRFA (20 mg/L HFO)
SRFA (20 mg/L HAO)
SRFA (80 mg/L HFO)
74 
 
Table 3.2 Measured EC50 (µg Cu/L) values for unfractionated and fractionated SRFA in EPA 
MHW. Major anion and cation concentrations are listed in Appendix D. 
FA 
DOC,   
mg C/L pH 
Alkalinity, 
mg/L CaCO3 
Measured EC50 as µg Cu/L  
(95% confidence intervals in 
parenthesis) 
SRFA 3.1 8.0 64 74 (71, 78) 
SRFA (20mg/L 
HFO) 
3.2 7.7 65 42 (39, 46) 
SRFA (20mg/L 
HAO) 
2.6 7.9 61 25 (22, 29) 
SRFA (80mg/L 
HFO) 




Table 3.3 Spectroscopic properties of unfractionated and fractionated SRFA, and FA 
isolated from selected field sites and used for acute toxicity testing.  
Fulvic Acid 
SUVA254,          





SRFA 3.80 1.27 33 36 
SRFA (20mg/L Fe) 3.15 1.45 25 21 
SRFA (20mg/L Al) 1.82 1.50 13 11 
SRFA (80mg/L Fe) 2.57 1.60 19 16 
SM (20mg/L Al) 2.12 1.41 12 10 
DC (20mg/L Al) 3.05 1.41 18 15 
COG (20mg/L Al) 4.16 1.33 28 23 
 
 
Dose-response curve for acute toxicity tests using site pristine FA that underwent 
laboratory fractionation are shown in Figure 3.4. Also shown in Figure 3.4 are dose-response 
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curves for the unfractionated site pristine FA use in acute toxicity tests. The site pristine FA 
(Deer Creek, Shingle Mill, and Colorado Gulch) were collected at relatively the same time in 
spring 2014. In Figure 3.4 the fractionated FA results are represented by the dashed lines and 
open symbols for each respective pristine tributary.  The EC50, pH, and alkalinity values are 
listed in Table 3.4 for the unfractionated and fractioned pristine FA. As shown in Figure 3.4, for 
all three site pristine FAs the fractionated FA results in a significant decrease in EC50 values 
comparable to what was observed for the SRFA toxicity results in Figure 3.3. Laboratory 
fractionation of Deer Creek FA results in an EC50 decrease by 77% (125 µg/L to 29 µg/L), 
Shingle Mill by 60% (48 µg/L to 19 µg/L) and Colorado Gulch by 66% (146 µg/L to 50 µg/L), 
respectively. In comparison, natural fractionation resulted in decreased EC50 values for Deer 
Creek, Shingle Mill, and Colorado Gulch of 75%, 73%, and 33%, respectively. Although the 
percent reduction in EC50 is relatively the same for both naturally and laboratory fractionated site 
FA, when the EC50 and SUVA254 values, as shown in Table 3.4, are compared they are 
noticeably different. The noted differences in EC50 and SUVA254 for natural verses laboratory 
fractionated are likely due to the inherent complexities associated with sorption reactions 
involving hydrous metal oxides and possibly other factors originating from the AMD/ARD 
stream. 
There are noticeable differences in predicted EC50 values for the three pristine tributaries 
as shown in Figure 3.4. The Deer Creek and Colorado Gulch FA appear to be more protective 
against Cu toxicity than SM FA. These differences are likely a result of different sources of FA 
for all three pristine streams since they were all collected at nearly the same time period in spring 
2014. It appears that the protective ability of FA from Colorado Gulch and Deer Creek are not 









Figure 3.4 48-hour chronic Cu toxicity results for unfractionated and fractioned (with HAO) FA 
from pristine tributaries. The solid lines represent unfractionated FA whereas the dashed lines 
represent fractioned FA. Site FA represented (sample dates in parentheses) are SM (6-4-14), DC 





























Table 3.4 Measured EC50 (µg Cu/L) values for unfractionated and fractionated Pristine FA in 
EPA MHW. Major anions and cations concentrations can be found in Appendix D. 
FA 
DOC,     
mg C/L pH 
Alkalinity, mg/L 
CaCO3 
Estimated EC50 as µg Cu/L (95% 
confidence intervals in parenthesis) 
SM1 3.1 8.0 20 48 (46,53) 
SM (Al) 4.0 7.8 62 19 (17,23) 
COG2 4.8 8.1 44 146 (143, 150) 
COG (Al) 4.1 7.7 64 50 (48, 55) 
DC3 3.9 8.1 28 125 (122, 129) 
DC (Al) 4.1 8.0 52 29 (27, 33) 
Notes: 
1. Shingle Mill FA from 6-2-14. 
2. Colorado Gulch above the confluence FA from 6-4-14. 
3. Deer Creek FA from 5-22-14. 
 
 
3.5.2 Toxicity Testing with Fulvic Acid Isolated from Selected Field Sites 
Site FA selected for acute copper toxicity testing are shown in Figure 3.5. The criteria for 
the selection of site FA included sufficient volume of isolate for toxicity testing and variable 
SUVA254 and FI from high SUVA254/low FI to low SUVA254/high FI values. Dose-response 
acute toxicity curves that used FA collected from the Colorado Gulch/Little Frying Pan, Deer 
Creek/Snake River, and the Shingle Mill Gulch/St. Kevin Gulch sites are shown in Figures 3.6, 
3.7 and 3.8, respectively. Alkalinity, pH and measured EC50 values for all three sites are listed in 
Tables 3.5, 3.6, and 3.7. The dose-response curves for FA from the Colorado Gulch/Little Frying 
Pan system collected in 2014 are shown in Figure 3.6. The “spring” samples were collected on 




Figure 3.5 SUVA254 verses FI plot that indicates FA selected for acute toxicity testing (symbols 
with open circle). Spectroscopic values for SUVA254 and FI are shown in the brackets of their 
respective FA. COG-06 is the site located in Colorado Gulch above the confluence with Little 
Frying Pan Gulch; COG-07 is Colorado Gulch below the confluence; LFP-05 is Little Frying Pan 
Gulch above the confluence with Colorado Gulch; DC-05 is Deer Creek above the confluence with 
Snake River; SN-03 is Snake River below the confluence; SM is Shingle Mill above the confluence 
with St. Kevin; LSK is Lower St. Kevin below the confluence; USK is Upper St. Kevin above the 
confluence. Sample dates follow site ID. 
  
The measured EC50 value for the pristine stream (Colorado Gulch above the confluence) 
is 146 µg Cu/L and is nearly five times that of the EC50 value below the confluence (39 µg Cu/L) 
and twice that of the AMD site (Little Frying Pan Gulch) above the confluence (68 µg Cu/L) 
sites. Interestingly, the EC50 values for spring and late-summer from the AMD site are nearly the 
same, which suggests that possibly DOC characteristics are relatively constant from spring 
79 
 
through the summer. Furthermore, as shown in Figure 3.5, fractionated DOC at the confluence 
generally has lower SUVA254 and therefore is less aromatic in comparison to pristine DOC. 
There are noticeable differences in pH, DOC, and alkalinity for the toxicity test solutions in 
Tables 3.5, 3.6 and 3.7 that may be a factor in some of the EC50 differences. The variability in 
DOC concentrations is likely due to measurement error of the isolated FA when making up the 
toxicity test solutions. Differences in pH and alkalinity are likely due to the various volumes of 




Figure 3.6 48-hour chronic Cu toxicity test results with FA isolated from the Colorado Gulch/Little 
Frying Pan site (sampled June 4, 2014). Test results for the AMD site, collected on August 4, 2014 






















Table 3.5 Measured EC50 (µg Cu/L) values for FA isolated from the Colorado Gulch/Little 
Frying Pan system for samples collected on June 4, 2014. Major anion and cation concentrations 
are listed in Appendix D. 
FA 
DOC,  
mg C/L pH 
Alkalinity, 
mg/L CaCO3 
Measured EC50 as µg Cu/L Cu (95% 
confidence intervals in parenthesis) 
Pristine (Spring) 4.8 7.7 44 146 (143,150) 
Confluence (Spring) 5.0 8.0 54 39 (37,44) 
AMD (Spring) 3.0 7.2 42 68 (66,72) 
AMD (Late-
Summer) 
2.5 8.1 55 68 (65,72) 
 
Dose response curves for FA collected in spring and late-summer 2014 from the Deer 
Creek/Snake River sites are shown in Figure 3.7. Measured EC50 values and associated water 
chemistry results are shown in Table 3.6. Due to low DOC concentrations there was insufficient 
FA isolate solution (100 mL of 24 mg C/L FA isolate solution) from the AMD site (SN-02) from 
May 22, 2014 to create 3.0 mg C/L DOC toxicity test solutions. However, there was sufficient 
amount for the confluence (SN-03) and pristine (DC) sites. In order to illustrate possible seasonal 
effects, data from toxicity tests with FA isolated from the pristine tributary collected in late-
summer (August 15, 2014) were included.  
The measured EC50 value for the pristine tributary (DC) is 126 µg Cu/L for the spring FA 
and 69 µg Cu/L for the late-summer FA. The confluence EC50 result is 96 µg Cu/L, which is 
approximately 75% that of the pristine FA from the same spring sampling event and 
approximately 50% greater than the pristine FA from late-summer.  
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It is clear from Figure 3.6 that fractionation results in DOC with an overall less protective ability 
against copper toxicity. The nearly 50% difference between the spring and late-summer pristine 
FA may likely be due to seasonal effects between FA in spring verses later-summer and/or the 
different DOC concentrations (3.9 mg C/L verses  3.0 mg C/L respectively). 
Dose-response curves for the Shingle Mill Gulch/St. Kevin Gulch system i  shown in 
Figure 3.8. Measured EC50 values and associated water chemistry results are shown in Table 3.7. 
FA isolates used in the toxicity tests were collected on June 2, 2014 from the pristine and 
confluence sites. Toxicity tests were not performed with FA isolated from the AMD site 
collected on June 2, 2014 due to the low DOC concentration of the FA isolate. However, results 
for tests with the AMD FA isolate collected on August 27, 2014 are included because there was 
sufficient FA isolate concentration available and the spectroscopic properties are similar for the 
two sampling dates. The measured EC50 values for the pristine, confluence, and AMD sites are 
48 µg Cu/L, 32 µg Cu/L, and 67 µg Cu/L respectively.  
Similar to what is observed at the other two sites, results from toxicity tests with FA 
isolated from the confluence show less protective ability against copper toxicity than do results 
from tests with the pristine FA isolate. However, there is overlap within the proximity of 50% 
mortality. Therefore, there may not be a significant difference in EC50 values between the 
pristine and confluence samples. The EC50 for the AMD FA is approximately 50% greater than 
that for the pristine site, which may be due to the higher (factor of nearly 3) alkalinity (Table 
3.7); pH and DOC values are similar for the three samples. Overall, dose-response curves for the 






Figure 3.7 48-hour chronic Cu toxicity test results with FA isolated from the Deer Creek/Snake 
River site (sampled May 22, 2014). Test results with FA isolated from the pristine site (sampled 




Table 3.6 Measured EC50 (µg Cu/L) values for FA from the Deer Creek/Snake River system 
collected on May 22, 2014 and August 15, 2014 for the late-summer pristine FA in EPA MHW. 
Major anions and cations concentrations can be found in Appendix D. 
FA 
DOC,   
mg C/L pH 
Alkalinity, 
mg/L CaCO3 
Measured EC50 as µg Cu/L (95% 
confidence intervals in 
parenthesis) 
Pristine (Spring) 3.9 8.1 28 125 (122,129) 
Pristine (Late-
Summer) 
3.0 7.8 76 69 (66,73) 
Confluence 
(Spring) 
























Figure 3.8 48-hour chronic Cu toxicity test results with FA isolated from the Shingle Mill Gulch/St. 
Kevin Gulch system (sampled June 2, 2014). Test results for the AMD site collected in late-




Table 3.7 Measured EC50 (µg Cu/L) values for FA from the Shingle Mill Gulch/St. Kevin Gulch 
system collected on June 2, 2014 and August 27, 2014 for the late-summer AMD FA in EPA 
MHW. Major anions and cations concentrations can be found in Appendix D. 
FA 
DOC,  
mg C/L pH 
Alkalinity, 
mg/L CaCO3 
Measured EC50 as µg Cu/L 
(95% confidence intervals in 
parenthesis) 
Pristine (Spring) 3.1 8.0 20 48 (46,53) 
Confluence (Spring) 3.1 8.3 20 32 (30,37) 
AMD (Late-
Summer) 



















3.5.3 Optical Properties of DOC and Acute Copper Toxicity 
One goal of this research was to observe if optical properties of DOC (i.e.,, SUVA254, 
SAC340, and FI) correlate with acute Cu toxicity on Daphnia magna. Several studies have noted 
a correlate between optical properties and protective properties of DOC against acute toxicity 
(Al-Reasi et al., 2011; De Schamphelaere et al., 2004; Wood et al., 2011). De Schamphelaere et 
al., (2004) noted a positive correlation (R2 = 0.70) between the EC50 of Cu and the SAC350 of 
DOC from Europe and the United States. However, most studies have utilized DOC from 
pristine sources obtained from different geographical locations and have not used DOC that has 
undergone any known fractionation reactions with the exception of Smith et al. (2014) observed 
that fractionation resulted in FA with decreased protection against copper toxicity. Smith et al. 
(2014) noted that the remaining FA (fractionated) in the water column at the Snake River 
confluence also was less protective against copper toxicity for C. dubia compared to Deer Creek 
FA with predicted EC50 values of 13±0.6 µg Cu /L for Snake River downstream of the 
confluence and 39±0.4 µg Cu /L for Deer Creek. 
SUVA254 results for unfractionated and fractionated SRFA are shown in Figure 3.9 with 
the indicated concentrations of Fe and Al as their respective hydrous oxides that were used for 
laboratory fractionation. SRFA fractionation with HFO results in decreased SUVA254 and EC50 
with values decreasing from 3.80 L mg-1 m-1 and 74 µg/L Cu for unfractionated SRFA to 2.57 L 
mg-1 m-1 and 20 µg Cu/L for SRFA fractionated with 80 mg/L Fe (as HFO). The SRFA 
fractionated with HAO has a similar EC50 to SRFA fractionated with 80 mg/L Fe (25 µg Cu/L 
verses 20 µg Cu/L respectively) however the SUVA254 values differ by nearly one unit (2.57 L 
mg-1 m-1  to 1.82 L mg-1 m-1). As discussed in Section 3.3.1, the differences in SUVA254 between 
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Figure 3.9 SUVA254 vs. EC50 for unfractionated and fractionated Suwanee River Fulvic Acid 
(SRFA). The arrow represents the general shift of SUVA254 and EC50 as a result of fractionating 
SRFA. 
 
Figure 3.10 shows SUVA254 verses EC50 results for unfractionated and laboratory 
fractionated pristine FA that were collected in spring 2014. The arrows indicate the change in 
SUVA254 and EC50 from unfractionated to fractionated FA. For both Colorado Gulch and Deer 
Creek FA, the change in SUVA254 is relatively small compared to Shingle Mill FA whereas the 




























10ppm SRFA + 
20ppm Fe (as HFO)
10ppm SRFA + 
20ppm Al (as HAO)
20ppm SRFA + 




mg-1 m-1 and an EC50 of 48 µg/L total Cu that decreases to 2.05 L mg-1 -1 and 19 µg/L total Cu 
respectively as a result of fractionation. Colorado Gulch FA shifts from a SUVA254 of 4.80 L mg-
1 m-1 and an EC50 of 146 µg/L total Cu to 4.05 L mg-1 m-1 and 50 µg/L total Cu. Deer Creek 
shifts from a SUVA254 of 3.85 L mg-1 m-1 and EC50 of 125 µg/L total Cu to 3.05 L mg-1 m-1 and 
29 µg/L total Cu. The causes for the differences of SUVA254 and EC50 between the FA from 
Colorado Gulch and Deer Creek compared to Shingle Mill are not exactly clear and are likely 
due to molecular variability in FA that is not captured by SUVA. What is clear is that 
fractionation of pristine FA, similar to what was observed with SRFA, decreases SUVA254 and 
EC50 values. These toxicity results using both laboratory and naturally fractionated FA provide 
evidence to support the hypothesis that hydrous oxides preferentially remove the more protective 
portion of FA. 
 
 
Figure 3.10 SUVA254 vs. EC50 for unfractionated and fractionated FA from selected pristine 































3.5.4 Implications for the BLM 
Biotic ligand models (BLMs) utilize many parameters related to water chemistry, including 
DOC, in order to predict metal toxicity on aquatic organisms. DOC parameterization in BLM 
models is strictly based on DOC concentration, a set of metal-DOC binding constants and site
densities, and % HA (10% upwards of 60% HA). It was demonstrated  that adjusting the %HA 
from its default value of 10% upwards to 100% had little effect on predicted copper toxicity on 
Pimephales promelas (Ryan et al., 2004). There are no known  adjustments of DOC reactivity in 
the current formulation of the BLM that relate to the variabilities of both source and fractionation 
(Smith et al., 2014). Most characteristics of FA included in models such as MINTEQ and 
WHAM IV are based on SRFA since characteristics such as binding constants (KL), acidity, and 
molecular structure are well known (Cabaniss and Shuman, 1988; Leenheer et al., 1998; 
Leenheer et al., 1995a, b). The WHAM model, however, by varying amount of DOC, can 
provide a closer prediction to Cu-DOC speciation, but as incorporated into the BLM, it does not 
specify the different copper-DOC interactions that are important for aquatic toxicity (Bryan et 
al., 2002). 
As this research has shown, optical characterization of FA suggests that molecular 
variability for FA likely exists and may have significant implications for DOC binding affinity 
and capacity with heavy metals. FA originating from some of the pristine sites has optical 
characteristics similar to SRFA, yet the EC50 values are variable perhaps because of FA 
molecular differences that are possibly related to variable sources of DOC. Relations between 
SUVA254 vs EC50, SAC340 vs EC50, and SAC350 vs EC50 for FA (SRFA and site FA) are shown in 
Figures 3.11.1 3.11.2 and 3.11.3 for which there is a general trend of increasing EC50 with 
increasing SUVA254, SAC340, and SAC350 values. However, there are a few site FA collected 
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from some confluences and AMD/ARD sites that appear to have a distinctly different SUVA254 
to EC50 relationship when compared to both fractionated and unfractionated SRFA and Pristine 
FA. The AMD/ARD (black circles) and one confluence (located near AMD/ARD samples) FA 
sample have relatively low SUVA254 and SAC340 values yet have similar protective effects (EC50 
of about 80 µg Cu/L) as SRFA and one of the Pristine FA samples (DC 8-15-14). The 
irregularities described above for EC50 verses optical values are likely due to molecular variances 
of FA related to DOC source, fractionation processes and mixing of DOC at the confluence. In 
addition, it is important to ensure that the optical measurements are free of any known 
interferences. 
Plots of SAC340 vs EC50, and SAC350 vs EC50 are shown in Figures 3.11.2 and 3.11.3. 
Overall they show similar patterns and trends as described in the SUVA254 to EC50 (Figure 
3.11.1). The differences, although subtle, are slight shifts for the fractionated and unfractionated 
pristine FA. The AMD and Confluence FA (COG-07 6-4-14 and LSK 6-2-14) appear to have 
more separation from the SRFA and Pristine FA. This result suggests that some of the likely 
absorbance differences that occur at the molecular level observed thus far with the AMD and 
Confluence sites may be more apparent through the use of SAC340 and SAC350. 
The isolation procedure for FA should result in the removal of excess ions and other salts 
from the original sample solution and the acid and bases used during the isolation process. Ferric 
iron (Fe3+) and nitrate when present in higher concentrations are known to result in optical 
spectroscopy interferences (Weishaar et al., 2003). Weishaar and Aiken (2003) indicated that 
increasing concentrations of Fe3+ result in an additive absorption at the 254 nm wavelength used 
in this research and found that ferric iron concentrations up to 0.5 mg/L adds only 0.04 cm-1 of 
absorbance that would in effect increase SUVA254 values. ICP analysis results (Appendix C) of 
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bulk FA confirm that Fe and Al are either non-detect or at trace concentrations (low µg/L) and, 
considering that these are further diluted when added to reconstituted EPA MHW, their potential 
interference is negligible. Sources of nitrate (i.e., HNO3) were not included in any aspect of the 
FA isolation process or in preparation of toxicity test aliquots. Therefore, potential anomalous 





Figures 3.11.1 through 3.11.3 Predicted 1) EC50 verses SUVA254, 2) EC50 verses SAC340 and 3) 
EC50 verses SAC350 for FA used for acute toxicity testing. FA sample name and date are shown in 
the EC50 verses SUVA254 plot. 
 
 
Graphs of SUVA254 verses EC50 are shown in Figures 3.12.1 through 3.12.3 to compare 




































































































fractionation. If natural fractionation of FA is reproducible in the laboratory approach, then the 
shift in both values of SUVA254 and EC50 should overlap. Figure 3.12.1 shows FA from the 
Colorado Gulch/Little Frying Pan system collected on June 4, 2014 and laboratory fractionated 
pristine (Colorado Gulch) for which the effect of fractionation of FA from the pristine tributary 
with hydrous oxides in the laboratory results in a lower SUVA254 and EC50 than natural 
fractionation. FA from the AMD/ARD tributary, however, has a smaller SUVA254 value (1.32 L 
mg-1 m-1) but greater EC50 (78 ppb Cu) than the confluence FA at 2.49 L mg-1 m-1 and 39 ppb Cu 
respectively. In comparison to naturally fractionated FA, the laboratory fractionated FA has 
higher SUVA254 (4.16 vs. 2.49 L mg-1 m-1) and EC50 (50 vs. 39 µg Cu/L) relative to the 
confluence FA. The pristine FA was fractionated in the laboratory with considerably higher 
concentrations of Fe (20 mg/L) than what was measured in the AMD tributary (13 mg/L). This 
result suggests that possible mixing of FA from the AMD tributary that has a SUVA254 of 1.32 L 
mg-1 m-1 and EC50 of 78 µg Cu/L may best explain these differences for the unfractionated verses 
fractionated Pristine FA from the Colorado Gulch/Little Frying Pan system. Similar effects are 
noticed for Deer Creek FA (Figure 3.12.2) and Shingle Mill Gulch FA (Figure 3.12.3). For the 
Deer Creek/Snake River system, the confluence FA has a smaller SUVA254 value compared to 
the fractionated Deer Creek FA at 1.89 L mg-1 m-1 verses 3.05 L mg-1 m-1 respectively. However, 
the EC50 for the confluence FA (96 µg Cu/L) is greater than the fractionated Deer Creek FA (29 
µg Cu/L) that might be explained by mixing of the pristine, Deer Creek FA with AMD FA. 
Although not included in toxicity testing, the AMD FA has a SUVA254 value of 3.52 L mg-1 m-1 
that suggest the presence of more aromatic thus protective FA at the confluence. For the Shingle 
Mill Gulch/St. Kevin Gulch site, a comparison (Figure 3.12.3) between laboratory fractionated 
FA and confluence FA (Lower St. Kevin Gulch) reveals that they have similar SUVA254 and 
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EC50 values of 2.12 vs. 2.08 L mg-1 m-1 and 19 vs. 32 µg Cu/L respectively. Since there was an 
insufficient amount of AMD FA from the June 2, 2014 sampling event and having nearly 
identical SUVA254 (2.11 vs. 2.10 L mg-1 m-1 ) and FI (1.58 vs. 1.58) values, AMD FA from 
August 27, 2014 was used for toxicity tests and is shown in Figure 3.12c. A similar trend where 
there is no overlap between the laboratory and naturally fractionated FA is noticeable for Shingle 
Mill Gulch in Figure 3.12.3. The different SUVA254 and EC50 results between laboratory and 
naturally fractionated FA is likely due to the confluence FA being a result of a mixture between 
two FA (pristine and AMD/ARD tributaries) and fractionation whereas the laboratory is strictly 





Figures 3.12.1 through 3.12.3 Predicted EC50 vs. SUVA254 for the 3.12.1) Colorado Gulch/Little 

















































































Two regression models for only the unfractionated and fractionated (laboratory and 
natural) pristine FA and SRFA (laboratory fractionated) used in this research are shown in 
Figures 3.13.1 and 3.13.2. Figures 3.13.2 and 3.13.4 include EC50 and SUVA254 results for 
confluence FA. Due to additional complexities previously described in Figure 3.11 the 






Figure 3.13.1 through 3.13.4 Predicted EC50 verses SUVA254 for unfractionated and laboratory 
fractionated SRFA and site Pristine FA. Also shown are results for confluence FA. Figures 3.13.1) 
and 3.13.2) represents a linear regression approach whereas Figures 3.13.3) and 3.13.4) represents 
logarithm regressions approach. Regression equation and correlation are also shown. 
 
 
























































































































 The linear regression model in Figure 3.13.1 results in a correlation of 0.6594 which 
appears to be somewhat leveraged  by the two pristine FA with SUVA254 values of 4.18 and 4.88 
L mg-1 m-1 and predicted EC50 values of 125 µg/L Cu and 146 µg/L Cu. If a logarithmic 
regression approach is utilized, as shown in Figure 3.13.2, the correlation improves to 0.8044 but 
a possible mechanism for a logarithmic relationship between SUVA and metal binding is not 
known. It is important to consider naturally fractionated FA into these regression models for a 
more realistic approach in parameterizing DOC for the BLM. Figures 3.13.2 and 3.13.4 include 
EC50 and SUVA254 values for confluence FA that result in a noticeable decrease (~50%) in 
correlation mainly due to the influence of one confluence data point. Otherwise it appears that 
the inclusion of confluence FA would not significantly change the regression curves and 
associated correlation shown by the unfractionated and laboratory fractionated pristine FA. 
Figure 3.14 depicts measured (acute toxicity tests) verses predicted (BLM) EC50 values for 
selected FA. All values shown in Figure 3.14 can be found in Table 3.8. The solid line in Figure 
3.14 represents where measured and predicted EC50 values are equal with points above 
considered to be overestimated by the BLM and points below are underestimated and the dashed 
lines represent a factor of 2 level of uncertainty that is considered to be acceptable by the BLM 
(Van Genderen et al., 2007).  
With the exception of five points that includes natural and laboratory fractionated FA 
there is good agreement within the acceptable level of uncertainty between the BLM and 
measured EC50 values for unfractionated pristine and AMD FA. As shown in Figure 3.14 the 
BLM generally overestimates the EC50 for all FA that has undergone fractionation whether by 
natural processes or in the laboratory. The EC50 overestimation of fractionated FA suggests the 
inability for the BLM to account for varying DOC quality as related to acute copper toxicity. In 
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the WHAMIV model, some adjustment for Cu-DOC binding that accounts for DOC quality has 
resulted in a better correlation between measured versus predicted Cu2+ may improve predicted 
acute copper EC50 values by the BLM (Chappaz and Curtis, 2013). Therefore, some additional 
parameterization of the BLM to account for DOC that has been altered by fractionation processes 




Figure 3.14 Measured verses Predicted (BLM) EC50 values for FA used in acute copper aquatic 
toxicity testing. The solid line indicates where measured is equal to predicted EC50 values. The 
dashed lines indicate factors of two relative to Measured vs. Predicted (BLM) EC50. Measured 
EC50 verses predicted EC50 are tabulated in Table 3.8. Water chemistry values used for the BLM 








































Table 3.8 Measured vs. Predicted (BLM) EC50 Values. 
FA Sample Measured EC50, µg Cu/L BLM EC50, µg Cu/L 
EPA MHW 11 11 
SRFA (Unfractionated) 74 92 
SRFA (20mg/L HFO) 42 77 
SRFA (20mg/L HAO) 25 70 
SRFA (80mg/L HFO) 20 89 
DC 5-22-14 125 116 
COG 6-4-14 146 151 
SM 6-2-14 48 90 
DC (Al) 29 119 
COG (Al) 50 93 
SM (Al) 48 102 
COG-07 6-4-14 39 159 
LFP 6-4-14 68 37 
LFP 8-5-14 68 86 
LSK 6-2-14 32 113 
USK 8-27-14 67 79 
SN-03 5-22-14 96 48 





3.6 Summary and Conclusions 
 
DOC is known to provide a significant protective effect against copper aquatic toxicity by 
binding with free copper (Cu2+). What is still relatively unknown are the effects of DOC source 
and fractionation with hydrous oxides (HFO and HAO) on the DOC’s ability to reduce the toxic 
effects of copper and other metals.  Results of this study have shown that fractionation does 
appear to affect the protective ability of DOC in environments where hydrous Fe and Al oxides 
are present as a result of AMD/ARD. For unfractionated DOC found in pristine streams, source 
may be significant since there appears to be variability between EC50 and optical properties. For 
pristine DOC with similar optical properties but different EC50 values the FA molecular 
differences likely exist. Additionally, FA from AMD/ARD impacted tributaries appear to have 
significantly different optical (SUVA254 and FI) and protective (EC50) characteristics that may be 
due to a combination of different sources and some fractionation with hydrous oxides above the 
confluence. One goal of this research was to investigate if correlation between optical properties 
of DOC and acute toxicity can be parameterized for the BLM. SUVA254 and EC50, while 
showing a general  inverse relationship, appears to not have a strong linear correlation, perhaps 
due to variability in pristine FA that is not captured by SUVA. Therefore, additional optical and 
toxicological data are needed to further validate the concept that optical properties of DOC can 
be used to predict copper toxicity. A comparison between measured and predicted (BLM) EC50 
results shows that there is decent correlation between these methods when only considering 
pristine, unfractionated FA. However, the BLM typically results in overestimated or 
underestimated EC50 values for fractionated FA. Given the current level of uncertainty in BLM 
prediction (factor of 2), it has shown the ability to potentially handle different sources of DOC 




INFLUENCE OF DOC FRACTIONATION BY METAL OXIDES ON COPPER BINDING 
 
An important consideration for the toxicity of metals is their bioavailability, which is not 
necessarily reflected by the total concentration of metals but rather by metal speciation (Morel, 
1993). The free ion species of most divalent metals, including cadmium (Cd2+), copper (Cu2+), 
lead (Pb2+), and zinc (Zn2+) are the most bioavailable forms and can be highly toxic to aquatic 
organisms at trace concentrations (Stumm and Morgan, 2012). Primary sources of toxic metals 
include industrial releases and abandoned mines. More specifically, within the Central Rocky 
Mountains abandoned mines are significant sources of acid mine drainage (AMD) and therefore 
are primary sources of toxic metals to streams and ecosystems. Water quality characteristics of 
AMD originating from pyrite-rich sulfide deposits include low pH and high concentrations of 
metals. Streams impacted by AMD commonly result in lowered aquatic health due to the 
presence of toxic metals including cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn). Aquatic 
table value standards for acute and chronic aquatic toxicity rely on accurate representations of 
the interaction between toxic metals and overall streamwater chemistry. Therefore, an improved 
understanding of the metal complexation reactions between free metal ions and the likely ligands 
present in aqueous environments is essential for accurate geochemical and toxicological 
modeling. 
 
4.1 Aqueous Complexation of Copper in Natural Waters 
In waters with low pH (<6.0) the free ion species (i.e.,, Cu2+) of metals likely dominate 
(Morel, 1993). With increasing solution pH, the free cationic metal species tend to adsorb onto 
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surfaces of particles (i.e., hydrous iron and aluminum oxides) and form aqueous phase 
complexes with various ligands (OH-, CO32-, DOC). Additionally, at higher pH (> 8) or at high 
metal concentrations, the formation of relatively insoluble minerals (e.g., MeS(s), MeCO3(s), 
MeOH2(s)  also effectively removes the free ion species from solution. Metal complexation 
reactions with organic and inorganic ligands and sorption to sediment surfaces are important 
controls determining the bioavailability of toxic metals since they result in preferential removal 
of free metals, the most toxic form, from the water column. 
  Inorganic ligands that complex with free metals include anionic ligands (CO32-, P 43-, S2-
, Cl-, OH-, etc.). DOC found within most natural water systems is the primary organic ligand that 
will bind with the ionic species of metals. The general expression for copper binding with 
inorganic or organic ligands under equilibrium conditions is shown in equations 1 and 2. 
 
[Cu2+] + [L i] ↔ [CuLi]     Eqn. 1) 
    �CuL =  [Cu +][Li][CuL]    Eqn. 2) 
 
Free copper is expressed as [Cu2+], the ligand as Li, and the copper-ligand complex as CuL. 
When DOC is the ligand of interest, it is important to be able to incorporate compositional 
variability of the DOC into this expression. Therefore, it is vital that the KCuL is representative of 
the solution for which it will be applied for modeling approaches such as vMINTEQ, WHAMIV, 





4.2 DOC Characteristics and Copper Binding 
 
This research examined Cu complexation reactions with both inorganic and organic 
ligands in an attempt to understand the role of variable DOC quality on Cu-DOC binding 
affinities. DOC quality, as defined in this study, is related the molecular characteristics, 
including aromaticity, that are important controls for copper-DOC binding reactions. Numerous 
spectroscopic approaches have been widely used to correlate DOC quality with Cu-DOC binding 
(Baken et al., 2011; Craven et al., 2012; Luider et al., 2004). Weishaar et al. (2013) found that, 
through the use of NMR spectroscopy, specific ultra-violet absorbance (SUVA) at the 254 nm 
absorbance wavelength correlates well (R2 = 0.97) with the aromaticity of DOC. The 
fluorescence index (FI) provides information about likely DOC sources, specifically whether the 
DOC sources are terrestrial (allochthonous) or aquatic (autochthonous) derived DOC (Cory and 
McKnight, 2005). In this study we propose that SUVA254 and potentially FI provide a good 
proxy that relates Cu-DOC binding to the DOC molecular properties associated with binding 
affinity. 
Cu-DOC interactions have been extensively studied, mainly in an effort to determine 
values for Cu-DOC binding constants (K) as inputs into various modeling programs such as the 
WHAM and BLM speciation models (Ahmed et al., 2013; Aiken et al., 2011; Baken et al., 2011; 
Craven et al., 2012). Several approaches have been used to measure binding interactions between 
Cu and DOC that include: DOC concentration-based (Christl et al., 2005; Smith et al., 2014), Cu 
to DOC ratios (Ahmed et al., 2013; Craven et al., 2012), and more defined binding site 
approaches to determine Cu binding affinity (Christl et al., 2005). Concentration-based 
approaches, such as the one provided by Christl et al. (2005), show that the concentration of Cu2+ 
is inversely proportional to DOC concentration. DOC concentrations is the primary basis for 
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metal-ligand modeling used in the BLM (Di Toro et al., 2001). Craven et al (2012) proposed that 
the protective effect of DOC against Cu toxicity can be predicted by Cu:DOC concentration 
ratios and DOC source was not a factor.  However, the SUVA254 ranges (3.1 to 5.2 L mg-1 m-1) 
of DOC used in the study by Craven et al (2012) are similar to that of SRFA. As discussed in 
Chapter 2, SUVA may be a predictor of metal binding, and thus the similarity in DOCs (as 
reported by DOC concentrations) seen by Craven et al (2012) may reflect lack of variation in 
DOC characteristics. Ahmed et al (2013) also used a Cu:DOC ratio approach with similar results 
as Craven (2012). This study utilized SRFA as the primary DOC for Cu-DOC interactions, and 
thus variability of DOC from different areas was not examined. Smith et al (2014) is the only 
known study that has examined Cu DOC binding on FA that has undergone extensive in-stream 
fractionation (with hydrous metal oxides). It was found that fractionated FA (Snake River, 
SUVA254 = 2.3 L mg-1 m-1) caused increased Cu2+ in solution, whereas unfractionated FA (Deer 
Creek, SUVA254 = 3.6 L mg-1 m-1) caused decreased Cu2+ concentrations. Similar Smith (2014) 
observed, Chappaz et al (2013) found that darker-colored DOC (SUVA254 = 3.69 L mg-1 m-1) 
resulted in lower Cu2+ concentrations than lighter-colored DOC (SUVA254 = 1.63 L mg-1 m-1). 
This study did not utilize fractionated DOC. As a group, these studies suggest that there are 
notable differences in Cu-DOC binding that are related either to concentrations (Cu and DOC) 
and/or DOC quality, in some cases due alteration by fractionation processes. Furthermore, as 
Smith (2014) and Chappaz (2013) observed, differences in DOC quality may be accounted for 
through optical properties that are correlated with Cu-DOC binding properties. 
Several electrochemical approaches have been used for measuring copper complexing 
reactions in aqueous solutions. The specific method used is generally selected based on 
sensitivity, reproducibility, and robustness. Potentiometric titrations are an approach to measure 
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the activity of a given constituent (i.e., Cu2+) with the use of a half -cell electrode (i.e., cupric 
ISE) in combination with a half-cell reference electrode. This approach enables a continuous 
measurement of electrode response of an ion (i.e., Cu2+) as it is titrated into a mixture and 
undergoes reactions such as complexation. A mass concentration of the titrant is generally not 
directly reported by the employed electrochemical instrumentation, rather an electrical response 
based on ionic potential is recorded. The potential of the ion being measured (Ecell) is determined 
as follows: 
 
    Ecell  = Eind – (Eref + Ej)      Eqn. 3) 
 
Eind is the response of the electrode (i.e., cupric ISE), Eref is the half-cell electrode and Ej is the 
junction potential. The advantage of using a potentiometric titration for measuring Cu2+ in 
solution is a high degree of accuracy, provided there are no substantial changes in ionic strength. 
Additionally, potentiometric titrations are relatively fast and inexpensive compared to other 
methods for measuring free ions in solution. Numerous studies (Ahmed et al., 2013; Christl et 
al., 2005; Craven et al., 2012; Rozan et al., 1999; Smith et al., 2014) have utilized potentiometric 
titrations in order to measure the binding properties of Cu2+ with DOC from various sources in 
the United States, Canada and Europe. Rozan et al (1999) used measurements of Cu2+ by cupric 
ISE to compare to differential pulse anodic stripping voltammetry (DPASV) for determining Cu-
DOC binding affinities in SRFA and Dismal Swamp FA. They found that cupric ISE generally 
has greater accuracy and lower limits of detections than DPASV, but loses sensitivity at total 
copper concentrations <10-6.2 M. Similarly to findings by Rozan (1999), Craven et al (2012) also 
noted comparable measurement limitations on DOC from the Everglades (Florida, USA) and 
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Gulf of Maine where the cupric ISE response becomes non-linear at total copper concentrations 
<10-6 M. However, considering the aforementioned analytical limitations for the ISE, it still has a 
useful utility when measuring numerous Cu-DOC solutions at high degree of speed, accuracy, 
and precision. 
Several geochemical models have been developed to compute metal speciation and metal 
–DOC binding within aqueous and soil environments. Most models such as PHREEQC and 
vMINTEQ contain generic binding constants (K) for humic substances that have shown in some 
cases to either overestimate or underestimate the concentrations of bound metals (Dudal and 
Gérard, 2004). As a result, models such as the Windermere Humic Aqueous Model (WHAM) 
and Non-Ideal Competitive Sorption Donnan (NICA-Donnan) model have been developed to 
provide more accurate representation of DOC-Metal binding. Both models have proven to be 
effective in computing the distribution of metals bound to DOC when compared to 
experimentally-obtained results.  
Both models provide accurate approaches to modeling DOC-metal binding reactions, 
however, there are limitations that both models share (Christl et al., 2005; Dudal and Gérard, 
2004; Kinniburgh et al., 1996; Merdy et al., 2006). These include uncertainty in the actual 
density of binding sites (µmole/mg C) that are currently estimated by performing several 
iterations to fit predicated data with experimental data. Although the relative proportions of HA 
and FA binding sites are used, as noted by Dudal et al (2004), they do not necessarily constitute 
the “active” HA and FA sites. The use of vMINTEQ allows for adjustments of binding densities 
and the relative proportions of FA sites in order to accommodate variations in metal binding that 




4.3 Research Objectives and Hypothesis 
In this chapter I attempt to use Cu-DOC binding relationships to explain the variable 
protective effects of DOC against copper toxicity shown in Chapter 3. More importantly, it is 
anticipated that the development of a correlation between optical properties such as SUVA254 
and Cu-DOC binding properties can be developed. One hypothesis is that the differences in Cu-
DOC binding properties among the FA used in this research are a result of DOC differences at 
the molecular level. A cupric ISE was used to measure the concentrations of Cu2+ in solution as a 
result of Cu complexation with inorganic and organic ligands. Measurement of differences in 
Cu-DOC binding properties arising from fractionation was examined by using DOC that has 
undergone fractionation in natural settings (field samples) and in a controlled laboratory 
environment. Lastly, the Cu-DOC binding results were modeled in vMINTEQ in order to 
understand the roles of speciation with other potential ligands and to examine if modeling 
approaches can handle the variable DOC qualities previously discussed. 
 
4.4 Methods and Materials 
This section describes methods and approaches in using the cupric ISE for measuring Cu2+ i  
solutions that contain different types of FA. The specific potentiometric titration approaches are 
also included. In addition, the modeling approach with visual MINTEQ is also included as part 
of determining the role of varying DOC quality on copper-DOC binding. Water chemistry results 
for all copper-DOC binding experiments are found in Appendix D. In addition, water chemistry 
results in Appendix D were used for geochemical modeling in vMINTEQ. Water chemistry for 




4.4.1 Cu-ISE Measurement 
Free copper (Cu2+) was measured with a cupric ion selective electrode (ISE).  This choice 
was due to the ISI’s robustness and relatively short amount of time required to reach stability. 
Prior studies have demonstrated success in measuring DOC-Cu binding using this approach 
(Ahmed et al., 2013; Bryan et al., 2002; Chappaz and Curtis, 2013; Christl et al., 2005; Craven et 
al., 2012; Rozan et al., 1999; Smith et al., 2014). However, the cupric ISE does have analytical 
limitations, most notably its inability to accurately measure Cu2+ concentrations < 10-7 M. Cupric 
ISE measurements are based on a Nernstian response of Cu2+ in solution, measured as a potential 
referenced against an Ag/AgCl half-cell electrode. The resulting electrode response (mV) should 
increase by approximately 30 mV for each decade of increased Cu2+ concentrations. This study 
reports Cu2+ concentrations computed from ISE response (in mV), which required the 
establishment of a calibration curve prepared using standards of known Cu2+ concentrations in 
acidic media.  
Prior to using the cupric ISE each day, the probe was prepared per manufacturer’s 
instructions. This included conditioning it by polishing the sensor and soaking it in dilute acid 
(0.1M H2SO4) to remove any residual Cu2+ from previous use. This pre-analysis preparation is 
essential for obtaining a reproducible Nernstian response for Cu2+. Aliquots of known Cu2+ 
concentrations (0, 10-8, 10-7, 10-6, 10-5 and 10-4 M Cu2+) were prepared using a Cu2+ stock 
solution (10-1 M Cu2+ ThermoScientific Cupric ISE Solution #942906) in ASTM Type I DI 
water. Trace metal grade 1% HNO3 was added to bring the pH to <4.0 to ensure that all copper 
was in the Cu2+form. ISE mV readings were recorded and each Cu2+ solution was measured by 
ICP-OES to confirm total Cu concentrations. For all Cupric ISE readings, at least three replicate 
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measurements were recorded if they were ±1.0 mV of each other. The median mV value of three 
replicates was used for Cu2+ activity in each solution. 
EPA reconstituted moderately hard water (MHW) was prepared in volumes of 10 L at 
time for all Cu-DOC binding experiments. As prescribed by the EPA (Smith et al., 1997; 
USEPA, 2007b), solutions of KCl, CaSO4, MgSO4, and NaHCO3 were prepared with reagent 
grade salts. One liter stock solutions with a final concentration of 10,000 mg/L (10 g/L) of the 
respective salt were prepared in ASTM Type I DI water and allowed equilibrate for 24 hours 
prior to use. Reconstituted EPA MHW was prepared by adding enough volume of the stock 
solutions for the concentrations indicated in Table 4.1 for a final volume of 10 L. The EPA 
MHW solution was then aerated for 24 hours to allow the pH and dissolved oxygen to 
equilibrate. Target final ionic concentrations are shown in Table 4.2. 
 
Table 4.1 Final Chemical Parameters for Reconstituted Waters (USEPA, 2007b) 
 KCl1 
CaSO4 
*2H2O1 MgSO41 NaHCO31 pH2 Alkalinity3 Hardness3 
Very Soft 0.5 7.5 7.5 12.0 6.4 – 6.8 10 – 13 10 – 13 
Soft 2.0 30.0 30.0 48.0 7.2 – 7.6 30 – 35 40 – 48 
Moderately 
Hard 
4.0 60.0 60.0 96.0 7.4 – 7.8 60 – 70 80 – 100 
Hard 8.0 120.0 120.0 192.0 7.6 - 8.0 110 – 120 160 – 180 
Very Hard 16.0 240.0 240.0 384.0 8.0 – 8.4 225 - 245 280 - 320 
1. Concentration in mg/L 
2. Approximate range after 24-hour aeration. 




Table 4.2 Final Ionic Concentrations (mg/L) for Reconstituted Waters (USEPA, 2007b) 
 K+ Ca2+ Mg2+ Na+ Cl- SO42- 
Very Soft 0.3 1.8 1.5 3.3 0.2 10 
Soft 1.1 7.0 6.0 13 1.0 41 
Moderately Hard 2.0 14 12 26 1.9 81 
Hard 4.2 28 24 53 3.8 163 
Very Hard 8.4 56 49 105 7.6 325 
 
EPA MHW was used as the solvent for all Cu-DOC binding measurements in this study. 
The general approach included letting the Cu-DOC-MHW solution equilibrate for at least 24 
hours prior to titrations. This allowed Cu-DOC binding to reach equilibrium and the pH to 
stabilize. All Cu-DOC binding solutions were pH adjusted (with dilute HCl and/or NaOH) to 
6.4±0.2 to minimalize the effect of Cu-carbonate complexes and also to better represent the pH 
of most pristine alpine streams included in this study. Final water chemistry for all Cu-DOC 
solutions can be found in Appendix D. 
 
4.4.2 Spectroscopic Measurements of FA 
A central hypothesis is that Copper-DOC binding can be described by its optical 
properties. Therefore spectroscopic characterization of FA was performed that included the 
specific UV absorbance at 254 nm (SUVA254) and the fluorescence index (FI). SUVA254 and FI 
measurements are used to characterize FA properties of aromaticity and general source 
(allochthonous verses autochthonous). SUVA254 (L mg-1 m-1) was calculated as follows: 
 
SUVA254 = [A254/TOC]*100   Eqn 4) 
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With A254 = absorbance at 254 nm, TOC = concentration of DOC in mg C L-1. The 100 
multiplier is used for a 1cm pathway quartz cell used to measure absorbance. The fluorescence 
index (FI) was determined (Equation 8) as according to Cory and McKnight (2005): 
 
    FI = EM470/EM520                                        Eqn 5) 
 
With EM470 = emission intensity at 470 nm and EM520 = emission intensity at 520 nm both 
measured at an excitation of 370 nm. 
 
4.4.3 Cu Binding with SRFA and Selected Site FA 
 This section describes the Cu-DOC binding experiment results using SRFA and select site 
FA. Criteria used for the selection of site FA is described including FA that was used for acute 
toxicity test. Results using SRFA are described first since SRFA is a well characterized FA an
provides a basis for comparing Cu-DOC results using site FA. In addition, geochemical modeling 
of Cu-DOC binding is also included. 
 
4.4.3.1 Site Waters 
Cu-DOC binding measurements included the use of SRFA and FA collected from the 
Deer Creek/Snake River, Colorado Gulch/Little Frying Pan Gulch, and Shingle Mill Gulch/St. 
Kevin Gulch watersheds (Figure 4.1). SRFA is a well-characterized fulvic acid that has been 
used as a reference for numerous Cu-DOC experiments (Leenheer et al., 1995a, b). Its optical 
properties (SUVA and FI) are also well known, which is useful for comparison both to DOC 
from the aforementioned watershed and to examine any changes as a result of fractionation with 
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HFO and HAO (Elkins and Nelson, 2001; Mobed et al., 1996). Site FAs used for Cu-DOC 
binding experiments are the same as used in acute toxicity testing (Chapter 3). The selection 
criteria for choice of FA included variable optical results (i.e., high SUVA254; low FI) and 
sufficient quantity available (i.e., 100mL aliquot with 3.0 mg C/L DOC) for Cu-DOC titrations. 
Fulvic acid from pristine and confluence sites sampled on the same date (spring 2014) were 
chosen to observe if fractionation results in FA with less Cu2+ binding affinity. All 
concentrations of FA used in this study were targeted for 3.0 mg C/L, representative of that 
measured in most streams, and well within the detection limit for TOC analysis (approximately 
10 times typical background DOC in laboratory waters). The SUVA254 and FI values of all FAs 
selected for Cu-DOC binding measurements in this study can be found in Appendix C. 
 
 
Figure 4.1 SUVA254 vs FI depicting site FA chosen for Cu-DOC binding experiments. Optical 




4.4.3.2 Fractionated fulvic acids 
SRFA and FA from pristine tributaries were fractionated in the laboratory to replicate 
changes in optical and Cu-DOC properties observed under natural fractionation conditions at the 
confluence sites. It is known that natural fractionation with hydrous metal oxides results in lower 
SUVA254 values and likely Cu2+ binding affinity with DOC (Smith et al., 2014). This process 
should be more reproducible in a controlled laboratory setting where source variations will not 
also contribute. It is expected that Cu-DOC binding results for FA fractionated in the laboratory 
and natural settings (confluence) should be comparable. In order to determine an appropriate 
concentration of HFO (as Fe3+) that results in the desirable effects of decreasing SUVA254, 
various concentrations of HFO were fractionated with SRFA. Approximately 6.0 mg/L SRFA 
(~3.0 mg C/L DOC) was fractionated with various concentrations of HFO (0.1, 1.0, 10, and 100 
mg/L Fe3+) in 100mL for each FA-HFO/HAO mixture. Trace metal grade NaOH and HCl were 
used to achieve a final pH 8.0 – 9.0 to ensure the formation of HFO and HAO. 
Fractionation was accomplished by mixing FA with Fe3+ (FeCl3 stock solution prepared 
with Fischer Scientific 189-500) or Al3+ (AlCl3 stock solution prepared with Fisher Scientific 
A573-500) prepared in EPA MHW. A 2:1 concentration of Fe or Al to FA (i.e., 40 mg/L cationic 
metal: 20 mg/L FA) yielded a noticeable decrease in SUVA254 and increase in FI. A much 
greater ratio of HFO to SRFA (5:1) was also used to observe if greater concentrations of 
HFO/HAO results in a continued decrease in SUVA254 and FI values of SRFA. The FA/HFO or 
FA/HAO solution was thoroughly mixed in acid-washed 1.0 L volumetric flasks with Teflon™ 
coated magnetic stir-bar and allowed to equilibrate for at least 24 hours. Each mixture was 
filtered with a 0.01µm filter (Sterlitech™ PCTE hydrophilic membrane filters #PCT00147100) 
to remove the HFO and HAO colloids. The 0.01 µm was pre-rinsed with DI water prior to use to 
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flush out any potential impurities. Three replicates were completed for each concentration of 
HFO. The filtrate underwent the isolation method described by Thurman and Malcolm (1981) 
using DAX-8 (previously known as XAD-8) that results in a concentrated FA solution for both 
Cu-DOC binding and acute toxicity tests (Chapter 3). 
There were two approaches used for Cu-DOC laboratory binding experiments that were 
performed to show variability between different types of FA, as well as the effect of water 
composition (i.e SW, MHW, HW). The first approach, a traditional titration, consisted of 
pipetting known volumes of 10-3 M Cu2+ into the MHW + 3.0 mg C/L DOC solution that had 
been adjusted to a pH 6.40±0.2. The mixture was allowed to equilibrate for at least 24 hours 
prior to titrations. Once titrations began, the MHW+DOC+Cu2+ mixture equilibrated for 15 
minutes after each addition of Cu2+ prior to measuring with a cupric ISE. The final mV readings 
were recorded if at least three consecutive readings were within a range of ±1 mV. ICP 
confirmation analysis was not completed on the 100mL titrations due to the drastic effect it 
would have on copper concentrations with the removal of the necessary volume (~5 mL) need 
for analysis after each Cu2+ addition. The second approach used several aliquots (100mL total 
volume) that each contained increasing concentrations of Cu, from 0 M to 10-4 M in reconstituted 
EPA MHW and 3.0 mg/L FA. All aliquots were adjusted to a pH 6.40±0.2 with trace metal grade 
0.01 M or 0.1M HCl and allowed to equilibrate (usually at least 24 hours) prior to measuring 
with a cupric ISE. Cupric ISE measurements were performed following the same criteria 
described for the titration approach. The advantage of the multiple aliquot approaches verses 
traditional titration is better quantification of Cu-DOC binding since Cu concentrations can be 
verified by ICP and the samples binding over a wider range of Cu concentrations. If sufficient 
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concentrations of the FA isolate were available then both Cu-DOC binding measurements 
approaches were used. 
 
4.4.4 Geochemical Modeling 
Several geochemical models are available that can compute Cu-DOC interactions, but 
Visual MINTEQ (http://vminteq.lwr.kth.se/) was used for this research because it is possible to 
modify important DOC parameters essential for binding reactions. Visual MINTEQ (vMINTEQ) 
is an equilibrium-based geochemical model that, in addition to modeling general chemical 
reactions involving ionic species, can be used to model FA-Cu interactions. Output information 
includes concentration for each Cu species (i.e., Cu2+, Cu(OH)-, FA-Cu), percent distribution of 
each species, and phase (aqueous, solid, gas) of each species. For this research, the input values 
used to model Cu-DOC binding is shown in Tables 4.3 and 4.4 using the nominal (or measured) 
aqueous chemistry composition of EPA MHW. Due to variability in pH, alkalinity, cation, anion, 
and DOC analytical results in the Cu-DOC binding and acute toxicity testing media, their 
respective final solution chemistries shown in Appendix D were used for geochemical modeling. 
The srfa.mpf database in vMINTEQ was used as a starting platform for all modeling approaches. 
Default values for srfa.mpf and other FA databases used by vMINTEQ are shown below in Table 
4.4. It is assumed that the SRFA database in vMINTEQ would best represent the site FA 
collected in this study in terms of complexation reactions and molecular properties (i.e., binding 
densities, concentrations, and affinities). As will be shown later, some modifications of the 
concentrations of FA binding sites (in mmol) resulted in a better fit of Total Cu verses Cu2+ 






Table 4.3 General water chemistry input values (EPA MHW) for 
vMINTEQ modeling of DOC-Cu binding. Database is from vMINTEQ 
version 3.0. 
Parameter Value Units 
DOC 3.0 mg/L 
pH 6.4 S.U. 
Alkalinity  20 - 40 mg/L CaCO3 
Solid Phase1 CuCO3(s)  
Temperature  25.0 °C 
Ionic Strength Calculated  
Na+ 20 mg/L 
Ca2+ 14 mg/L 
Mg2+ 12 mg/L 
K+ 3 mg/L 
Cu2+ Variable mg/L 
Cl- 14 mg/L 
SO42- 80 mg/L 
CO32- 24 mg/L 








Table 4.4 Default FA Values for vMINTEQ 
Parameter Default Values for Various FA in vMINTEQ 
Acid-base parameters database srfa.mpf avgfa.mpf typicalfa.mpf soilfa.mpf 
Complexation database risbergfa.vdb pphacon.vdb risbergfa.vdb risbergfa.vdb 
Ratio of Active DOC to DOC 1.65 1.65 1.65 1.65 
%Active DOC that is FA 100 100 100 100 
Solid/Dissolved Dissolved Dissolved Dissolved Dissolved 
Site conc. (mmol/L) 0.031333 0.035145 0.034749 0.034749 
Number of proton-dissoc. 
groups 
0.00633 0.0071 0.00702 0.00702 
Stern layer capacitance 2 2 2 2 
Spherical radius (nm) 0.75 0.75 0.75 0.75 
Site density 1.20 1.20 1.20 1.20 
Specific surface area 3177.1 3563.6 3523.5 3523.5 
Gel fraction 0.47 0.78 0.72 1.0 
Concentration of type B sites (as 
% of type A sites) 
30 30 30 30 
Central log K of type A groups -3.63 -3.50 -3.51 -3.51 
Central log K of type B groups -8.40 -8.75 -8.81 -8.81 
Distribution term for type A 
groups 
3.20 3.50 3.48 3.48 
Distribution term for type B 
groups 
2.37 2.30 2.49 2.49 





4.5 Results and Discussion 
This section presents the results of copper-DOC binding measurement using the cupric ISE. 
Calibration results and approaches used for calculating Cu2+ in solutions are discussed along 
with analytical limitations and sources of possible error.  Results from measuring acute copper 
toxicity solutions and potentiometric titrations are presented and discussed. Finally, the 
comparison between measured and modeled Cu2+ are discussed along with results from the 
manipulation of certain parameters within vMINTEQ in order to model measured Cu2+.  
 
4.5.1 Cupric ISE Calibration 
Figure 4.2 shows a compilation (n = 68) of results of ISE response (mV) verses total Cu2+ 
concentrations (Cu2+ standard solutions) for measurements made over the period of February 
2014 through February 2015. As shown in Figure 4.2 it appears, based on the scatter of ISE 
response values and the change in slope, that at Cu2+ concentrations <10-6 M the electrode loses 
its ability to maintain a Nernstian response. This decrease in sensitivity has been known to be a 
significant limitation on the cupric ISE’s ability to measure low concentrations of free copper 
that may be significant in regards to Cu-DOC binding at copper concentrations relevant to acute 
aquatic toxicity (Rozan et al., 1999).  It can also be seen that the absolute response of the 
electrode at any given Cu concentration > 10-6 M varied by about 70 mV over the course of this 
period. 
Since a response in mV rather than concentration is reported by the cupric ISE a 
calibration curve using the response values from known Cu2+ standards is required to calculate 
Cu2+ concentrations. For this research, a log-based regression calibration curve of Cu2+ standard 
measurements was generated with the use of acidic (pH=4) Cu2+ standards. An example from 
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cupric ISE measurements on 2/19/2014 is provided in Figure 4.3 that includes both the results 
from acidic Cu2+ standards and MHRW solutions containing 5.0 mg C/L DOC. Millivolt 
readings for the cupric ISE are suppressed for the DOC-containing MHRW solutions with 
respect to the Cu2+ standards. This is expected considering that Cu2+ is complexed with inorganic 
anions and DOC in the 5.0 mg C/L DOC MHRW solution. The anticipated trend for the 
measurement and comparison of Cu-DOC binding properties for different FA is a difference in 
solution Cu2+ at equivalent DOC concentrations, which will be reflective of differences in 
binding affinity and/or capacity. 
 
 
Figure 4.2 Cupric ISE measurements of Cu2+ solutions from February 2014 through February 2015 
(n=68). The colored symbols represent individual response values for their respective total copper 
concentrations. The black circles are median values for each group of ISE measurements that 
represent the total copper concentrations from 1.0E-07 M to 1.0E-03 M. Log-based regression 
used median values for each target Cu2+ standard concentration. 































Figure 4.3 Total Cu verses Cu2+ (as mV measured by the cupric ISE) for Cu2+ standard solutions 
and 5.0 mg C/L DOC (10 mg/L SRFA) in EPA MHW measured on February 19, 2014. Log-based 
regression equation generated by Cu2+ standard solutions is used to calculate [Cu2+]. The median 
of three replicate measurements are shown for the 5.0 mg C/L DOC aliquots. 
 
 
4.5.2 ISE measurements and MINTEQ Modeling of Copper Aquatic Toxicity Aliquots 
Cupric ISE measurements were also performed on selected aliquots of the solutions used 
for the acute copper toxicity tests discussed in Chapter 3. In particular, those sites that included 
FA from the pristine, confluence, and AMD collected on the same day were selected for 
measurement by the cupric ISE. Water chemistry results for the toxicity tests discussed in this 
section are found in Appendix D. The cupric ISE was allowed to equilibrate in the control (0 µg 
Cu/L) aliquot for an hour prior to measurement of subsequent aliquots, the order of measurement 
being from lowest to highest concentration. Cupric standards were measured first in order to 
calculate free copper (Cu2+) in each toxicity test aliquot. 
Cu2+ Standards from 2/19/14:































Figures 4.4.1 through 4.4.3 Cupric ISE results of acute toxicity test results for COG-LFP from 
June 4, 2014 for response (as mV) verses total copper (Figure 4.4.1) and free copper (Cu2+) verses 
total copper (Figure 4.42). Free verses total copper (in µg Cu/L) is shown in Figure 4.4.3. Free 
copper (Cu2+) was calculated using a logarithmic regression for Cu2+ standards measured as 
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Figures 4.5.1 through 4.5.6 Cupric ISE results of acute toxicity test results for DC-SN from May 
22, 2014 (Figures 4.5.1 and 4.5.2) and SM-K from June 2, 2014 (Figures 4.5.4 and 4.5.5). Free 
copper (Cu2+) was calculated using a logarithmic regression for Cu2+ standards measured as 
discussed in section 4.3.1. Linear regression equations and corresponding correlation coefficients 
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Cu-ISE results for toxicity tests using FA from the COG-LFP system collected on June 4, 
2014 are shown in Figures 4.4.1 through 4.4.3. Cupric ISE response (mV) verses total copper is 
shown in Figure 4.4.1 for which the ISE response varies from -43mV to -15mV at the lower total 
copper concentrations upward to +33mV to +13mV at the higher concentrations. Acute copper 
toxicity testing revealed that FA from the Colorado Gulch pristine and AMD sites had a greater 
protective effect (EC50 = 146 µg Cu/L and 68 µg Cu/L) against copper toxicity than FA from the 
confluence (EC50 = 39 µg Cu/L). Therefore for the confluence FA there should be more Cu2+ in 
solution at any given total copper concentration. The confluence aliquot, shown in Figure 4.4.1, 
has higher mV readings representative of greater Cu2+ in solution whereas the pristine and AMD 
aliquots have much lower mV readings that are similar. Figures 4.4.2 and 4.4.3 represent Cu2+ 
(as M and ppb) verses total copper in each aliquot. There is noticeably more Cu2+ in solution in 
the confluence aliquots than measured in the pristine and AMD aliquots, which is generally in 
the same order of EC50 values discussed in Chapter 3. Best-fit linear regressions for all three 
toxicity test solutions are shown in Figure 4.4.3. Inputting EC50 results into the regression 
equation yields computed Cu2+ concentrations of approximately 4.8 µg µg Cu2+/L, 6.0 µg 
Cu2+/L, and 1.0 µg Cu2+/L for the pristine, confluence, and AMD batches respectively. In 
comparison to Cu2+ concentrations from the BLM, the measured Cu2+ concentrations are 
generally higher. The differences found among the site FAs is likely a reflection of experimental 
error at these low copper concentrations. 
Plots of mV verses Total Cu, [Cu2+] verses Total Cu (in both M and µg Cu/L) for the 
Deer Creek/Snake River and Shingle Mill/St. Kevin systems are shown in Figures 4.5.1 through 
4.5.6 respectively. Similar trends of the confluence FA resulting in more Cu2+ sol tion and 
pristine FA with less Cu2+ is noticeable in Figures 4.5.1 and 4.5.2 for Deer Creek/Snake River 
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and 4.5.4 and 4.5.5 for Shingle Mill/St. Kevin. However, there appears to be a less defined 
separation between confluence and pristine results as compared to Colorado Gulch/Little Frying 
Pan. Inputting EC50 results into the regression equation yields computed Cu2+ concentrations of 
approximately 0.42 µg Cu2+/L, and 0.57 µg Cu2+/L for the May 22, 2014 samples of the pristine 
and confluence samples respectively. Inputting EC50 results into the regression equation yields 
computed Cu2+ concentrations of approximately 0.59 µg Cu2+/L, 0.14 µg Cu2+/L, and 0.74 µg 
Cu2+/L for the June 2, 2014 samples of the pristine, confluence, and AMD batches respectively. 
 
 
Table 4.5 Results of extrapolated verses MINTEQ modeled Cu2+ for measured EC50 values 
obtained in acute aquatic copper toxicity tests.  
FA 
EC501, µg Cu/L Total 
Cu 
Extrapolated2 Cu2+, µg 
Cu/L 
Modeled3 Cu2+, µg 
Cu/L 
Pristine (COG-06) 146 4.78 0.16 
Confluence (COG-
07) 
39 5.97 0.01 
AMD/ARD (LFP) 68 1.05 0.02 
Pristine (DC-05) 125 0.42 0.15 
Confluence (SN-03) 96 0.57 1.54 
Pristine (SM) 48 0.59 0.09 
Confluence (LSK) 32 0.14 0.52 
AMD (USK) 67 0.74 5.63 
1. Measured EC50 values from acute aquatic toxicity test from Chapter 3. 
2. Extrapolated from Figures 4.4c and 4.5c and 4.5f using linear regression equations. 





There are large discrepancies between extrapolated verses MINTEQ modeled Cu2+ for
each measured EC50 total copper values (Table 4.5). As suggested by Christl et al. (2005) the 
discrepancy between modeled verses measured Cu2+ is likely due to the limitation of the ISE 
accurately measure Cu2+ at concentrations <1.0E-7. However again it should be noted that the 
MINTEQ modeled Cu2+ concentrations should all be equivalent at the EC50 value. Clearly 
further investigation is required to resolve the uncertainty in determining Cu2+ by experimental 
and modeling approaches in order to interpret toxicity test results. 
 
4.5.3 SRFA Copper Binding 
Copper-DOC binding and fractionation experimentation with SRFA provides a platform 
for examining the effects of fractionation on Cu-DOC binding and the applicability of the cupric 
ISE on measuring Cu2+ at concentrations relevant to acute copper toxicity on Daphnia magna. 
Visual MINTEQ uses the chemical properties of SRFA as one of the database options that was 
described in section 4.2.2. Therefore, vMINTEQ should be able to model results from laboratory 
experimentation using SRFA.  
The optical properties of SRFA are well known and fractionation with hydrous oxides 
should result in quantifiable changes in SUVA254 and FI. As discussed in section 4.2.2, SRFA 
was fractionated with various concentrations of HFO to determine if any noticeable changes in 
SUVA254 and FI occurred. Figure 4.6 shows results of fractionating 6.0 mg/L SRFA (3.0 mg C/L 
DOC) with HFO and the associated effects on SUVA254. Total organic carbon, Fe (filtered 
through a 0.01 µm membrane), and SUVA254 (L mg-1 m-1) were measured on each filtered 
solution and are shown in Table 4.6. Relative to the control (0 mg/L Fe), there are no obvious 
changes in SUVA254 for Fe concentrations of 0.1 mg/L and 1.0 mg/L. For Fe concentrations of 
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10 mg/L and 100 mg/L, however, there is a noticeable decrease in SUVA254. The noticeable 
variation in the 10 mg/L and 100 mg/L solutions may be due to the low concentrations of DOC 
especially for the 100 mg/L solutions with DOC concentrations likely approaching the analytical 
limit for TOC analysis. It is important to note in Table 4.6 that nearly 50% of the initial 
concentration of Fe does not form HFO in the 1.0 mg/L HFO solution and therefore may 
interfere with UV absorbance as suggested by the increase in SUVA254 values relative to the 
SRFA control. These results were used to determine the concentration of Fe3+ needed to form 
sufficient HFO to appreciably fractionate SRFA and cause noticeable decreases in SUVA254 for 
Cu-DOC binding experiments.  
 
 
Figure 4.6 SUVA254 results for SRFA fractionation with HFO. Chemical and optical results of the 































Table 4.6 Chemical and optical results for SRFA-HFO fractionation experiment. 
Aliquot Replicate pH1 
TOC2,    mg 
C/L 
SUVA254,      
L mg-1 m-1 
Filtered3 Fe, 
mg/L 
Control (0 mg/L Fe) 1 7.8 3.7 3.52 <0.010 
Control (0 mg/L Fe) 2 6.5 3.3 3.27 <0.010 
Control (0 mg/L Fe) 3 6.8 3.2 4.69 <0.010 
0.1 mg/L Fe 1 6.7 3.5 3.34 <0.010 
0.1 mg/L Fe 2 6.6 3.2 4.0 0.021 
0.1 mg/L Fe 3 7.1 3.7 3.1 0.160 
1.0 mg/L Fe 1 6.5 3.5 5.14 0.601 
1.0 mg/L Fe 2 6.6 3.2 4.31 0.450 
1.0 mg/L Fe 3 6.6 3.0 5.19 0.413 
10 mg/l Fe 1 6.3 2.2 2.01 <0.010 
10 mg/l Fe 2 6.8 2.1 3.85 <0.010 
10 mg/l Fe 3 6.7 2.4 2.98 <0.010 
100 mg/L Fe 1 6.8 1.8 0.40 <0.010 
100 mg/L Fe 2 6.5 1.0 3.17 <0.010 
100 mg/L Fe 3 10.8 0.9 1.02 <0.010 
1. pH of pre-filtered and filtered mixture. 
2. Filtered solution. 
3. Filtered through a 0.01µm membrane filter. Fe analysis by ICP-OES with an MDL = 0.01 
mg/L. 
 
One important consideration is to account for complexation of Cu2+ with inorganic anions 
in addition to DOC. Titrations of Cu2+ in various types of EPA reconstituted waters (Soft, 
moderately hard, and hard) and with 0 mg/L and 3 mg/L SRFA concentration are shown Figure 
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4.7. The general chemistry and ionic compositions were previously described in section 4.2.1. 
These titrations were performed in 100mL aliquots as previously described in section 4.2.2. As 
shown in Figure 4.7, titrations of Cu2+ in DI water without SRFA is nearly identical to what is 
expected for pure free Cu2+ (dashed line) and with a near Nernstian slope. There are some slight 
deviations between expected Cu2+ and measured that are likely due Cu-OH complexes that have 
formed at the DI water pH (~ 5.4). For Cu-DOC titrations in reconstituted EPA waters pH was 
adjusted to ~ 6.20±0.2 to minimize Cu complexation with carbonates and thus to favor Cu-DOC 
binding. In reconstituted EPA MHW without SRFA decreased [Cu2+] relative to total copper in 
solution is a result of complexation with inorganic anions (i.e., Cl-, SO42-). At total Cu 
concentrations >1.0E-05 M there appears to be slight differences in [Cu2+] when titration results 
for MHW are compared with SW and HW (fixed 3.0 mg C/L DOC concentration). However, at 
total Cu concentrations <1.0E-05 there are more noticeable differences between the reconstituted 
waters. However all these differences occur at Cu2+ < 10-6 M, where electrode response may be 
unreliable. This is an important limitation of ISE measurements since this is within the EC50 
range (5.0E-6 to 1.0E-7) of most acute Cu toxicity tests using D. magna. 
 Figure 4.8 shows the results of multiple aliquots using various concentrations of DOC 
(as SRFA) in EPA MHW with an adjusted pH of 6.2 ±0.2. Each target total copper concentration 
includes three replicates and in Figure 4.8 the average for each concentration is connected by a 
line to illustrate the trends. Free copper measurements (Cu2+ standards at pH = 4) are indicated 
by the dashed line. Titrations completed in the 0 mg C/L DOC solutions results in a nearly linear 
relationship between total Cu and [Cu2+] with suppressed concentrations of Cu2+ relative to the 
Cu2+ standard solutions due to copper complexation with inorganic anions. Increasing 
concentrations of DOC (as SRFA) results in suppression of Cu2+ in solution with the 10 mg C/L 
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DOC solutions having the greatest effect on ISE response. At total copper concentrations >1.0E-
04 there is no observable difference between the 3 mg C/L and 5 mg C/L DOC solutions; 
however, with decreasing copper concentrations it becomes apparent that increasing DOC 
concentration results in decreasing Cu2+ in solution. The results of shown in Figure 4.8 align 
with the findings by Craven et al (2012) where Cu:DOC ratios are important as related to Cu-
DOC binding properties where a nearly linear relationship between increasing and decreasing 
Cu:DOC ratios values can explain the predicted Cu2+ in solution. 
 
 
Figure 4.7 Cu2+ titration results in variable reconstituted EPA water and SRFA concentrations. 
100% free Cu (Cu2+) is indicated by the dashed line. HW = Hard water; MHW = Moderately hard 



















0 mgC/L in DI Water pH 5.56
0 mgC/L in EPA MHW pH 6.40
3.0 mgC/L in EPA SW pH 6.39
3.0mgC/L in EPA MHW pH 6.41




Figure 4.8 Total Cu vs. [Cu2+] for variable concentrations of SRFA in EPA MHW adjusted to a 
pH 6.20±0.2. The line for each respective concentration of DOC connects the average of the three 
replicates. The dashed line represents 100% Cu2+ in solution. 
 
Titration results for fractionated and unfractionated SRFA are shown in Figure 4.9 and 
were obtained following the titration procedure discussed in section 4.2.2. All titrations were 
completed in reconstituted MHW with a final adjusted pH of 6.20 ±0.1. Optical properties of 
SUVA254 and FI are shown in Table 4.7. Little difference exists between SUVA254 and FI for 
unfractionated SRFA and SRFA when using 5 mg/L HFO. The lack of any noticeable decrease 
in SUVA254 may be explained by either an insufficient amount of HFO to fractionate SRFA; or, 
there is possible Fe3+ interference on absorbance measurements. As shown in Table 4.7, SRFA 
fractionated with 50 mg/L and 100 mg/L HFO has a noticeable decrease in SUVA254 (<2.00 L 























likely no statistical difference between copper binding measurements for all the DOCs at total 
copper concentrations > 1.0E-05 M. These results conflict what was observed in copper toxicity 
tests where unfractionated SRFA had the greater EC50 and therefore less Cu2+ in solution 
compared to fractionated SRFA. This result may likely be due to measurement error related to 
reaching the limit of detection of the cupric ISE which, for this research, is likely around 1.0E-7 
M (6.35 µg Cu/L) free Cu2+. Results might be improved if higher DOC concentrations were used 
in the titration rather than the DOC level used in the toxicity tests (3 mg C/L). 
 
 
Figure 4.9 Total Cu vs. [Cu2+] for fractionated SRFA in EPA MHW adjusted to a pH 6.20±0.2. 
The blue dashed line represents the maximum and minimum results for three replicate 




























Table 4.7 Optical properties of unfractionated and fractionated SRFA 
used for 100mL titrations. 
SRFA 
SUVA254,              L 
mg-1 m-1 F.I. 
Unfractionated 4.13 1.24 
Fractionated with 5 mg/L HFO 3.91 1.22 
Fractionated with 50 mg/L HFO 1.21 1.23 
Fractionated with 100 mg/L HFO 1.42 1.30 
 
 
4.5.4 Cu-DOC Binding with Select Site DOC 
Titration results of total Cu verses [Cu2+] for 100mL aliquots that include FA from field 
sites (pristine, confluence, and AMD) collected in spring 2014 are shown in Figures 4.10.1 
through 4.10.3. Free copper (Cu2+) equal to total copper is indicated by the dashed line. Each 
titration was performed in the same manner as previously discussed for SRFA using EPA MHW 
with the pH adjusted to ~6.40±0.2. Methodology for the 100mL titrations are explained in 
section 4.2.2. Results presented in Figures 4.10.1 through 4.10.3 are for a single titration without 
any replicate measurements. 
The Cu2+ concentrations in the solutions containing the pristine FA were noticeably less 
than the confluence and AMD FA solutions for Colorado Gulch/Little Frying Pan (Figure 4.10.2) 
and Shingle Mill Gulch/St Kevin Gulch (Figure 4.10.3). The titrations presented in Figures 
4.10.1 through 4.10.3 are representative of the same FA as the toxicity tests but at much greater 
concentration of copper. Additionally, the pH is less at 6.40±0.2 compared to those of the 
toxicity tests (pH >7.50). Although replicate titrations were not completed for the Colorado 
Gulch/Little Frying Pan and Shingle Mill Gulch/St Kevin Gulch sites, at total copper 
concentrations <1.0E-04 M there appears to be a sufficient difference in Cu2+ concentrations 
between the pristine and confluence results to support the hypothesis that pristine FA has a 
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greater ability to remove Cu2+ from solution than the confluence FA. It is unclear to why a non-
linear pattern exists at total copper concentrations greater than 1.0E-04 M. 
 
   
 
Figures 4.10.1 through 4.10.3 Cu2+ titration results for FA from the 4.10.1) Deer Creek-Snake 
River system collected on 5-22-14; 4.10.2) Colorado Gulch-Little Frying Pan system collected on 
6-4-14, and 4.10.3) Shingle Mill Gulch-St. Kevin Gulch system from 6-2-14. FA concentrations 
are approximately 3.0 mg C/L DOC in the 100mL aliquots. Water chemistry along with TOC 
analysis can be found in Appendix D. 100% free Cu (Cu2+) is indicated by the dashed line. 
 
 
Titration results for the pristine FA samples (Deer Creek, Colorado Gulch, and Shingle 
Mill Gulch from Figures 4.10.1 through 4.10.3) are compared in Figure 4.11. The results may 
demonstrate that other factors besides fractionation, such as source, may be important for Cu-




























































followed by Shingle Mill Gulch then Deer Creek. Again it is important to note that the results 
shown in Figure 4.11 represent only one measurement without replicates. Although there may be 
enough separation between the pristine FAs to suggest that source, and associated molecular 
properties including aromaticity, influences Cu-DOC binding properties, replication of the 
titrations is required to determine statistical significance of the results. 
 
 
Figure 4.11 Titration results for pristine FA in EPA MHW. DOC concentrations are approximately 
3.0 mg C/L and pH 6.2±0.2. SUVA254 values for Deer Creek, Colorado Gulch, and Shingle Mill 
Gulch are 4.18, 4.10, and 4.82 L mg-1 m-1 respectively.  
 
4.5.5 Visual MINTEQ Modeling 
The application of vMINTEQ in modeling Cu-DOC interactions is an essential step to 






















source and fractionation. As previously discussed in section 4.3.3, the geochemical 
characteristics of SRFA (srfa.mpf) is one of the database options found in vMINTEQ. A 
comparison between modeled (black lines and symbols) verses measured (gray lines and 
symbols) Cu2+ in MHW is shown in Figure 4.12. Total copper concentrations from 1.0E-7 to 
1.0E-2 were modeled using the SRFA database input parameters for MINTEQ discussed in 
section 4.2.3 for DOC concentrations of 0 mg C/L, 3 mg C/L, 5 mg C/L, 10 mg C/L, 50 mg C/L, 
and 100 mg C/L DOC. Other than DOC concentrations, no additional adjustments were made in 
v MINTEQ SRFA database file. The inclusion of the 50 mg C/L and 100 mg C/L DOC in the 
vMINTEQ approach, although not realistic in terms of natural conditions, should result in 
significant removal of Cu2+ from solution through DOC-Cu complexation.  
Overall there appears to be general agreement between modeled and measured values of 
Cu2+ at DOC concentrations of 0 mg C/L, 3 mg C/L, and 5 mg C/L at total copper concentrations 
greater than 1.0E-04 M (Figure 4.12). However all the results show very little decrease in Cu2+ 
concentrations at these low DOCs.  The 10 mg C/L DOC ISE results for Cu2+ concentrations are 
noticeably less than what is predicted by vMINTEQ by nearly an order of magnitude. It is 
unclear, from Figure 4.12, for the causation of the discrepancy between the predicted and 
measured Cu2+ concentrations at 10 mg C/L DOC. At total copper concentrations <1.0E-04 M 
there seems to be less agreement and likely increased uncertainty between the modeled and 
measured Cu2+ results. As previously discussed in sections 4.3.3 and 4.3.4, the uncertainty is 
attributed to the decreased sensitivity of the ISE at lower copper concentrations. Overall though, 
the pattern of increased DOC resulting in greater removal of Cu2+ from solution is still intact for 
both modeled and measured results.  
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An important aspect of vMINTEQ is that it allows the user to easily manipulate certain 
DOC geochemical input parameters including the concentrations for DOC and FA binding sites. 
As shown in Figures 4.8 and 4.12, increasing concentrations of DOC results in decreasing 
concentrations of Cu2+ in solution. It is expected that increasing the concentration of FA binding 
sites for a fixed DOC concentration should result in a similar effect. The default concentration of 
FA sites for 3.0 mg C/L DOC is 0.03 mmol/gram C, which seems to give predictions that 
generally agree with measured Cu2+ by the ISE (Figure 4.13) for SRFA. However, Cu2+ 
concentration results using the default FA values do not agree with results from site pristine FA 
(Deer Creek, Colorado Gulch, and Shingle Mill Gulch) with fixed DOC concentrations of 3.0 mg 
C/L (Figure 4.13). Therefore, differences in binding characteristics likely exist at the molecular 
level. One possible difference between site DOC and SRFA could be binding site concentrations, 
if we assume that other characteristics such as binding constants and the relative concentrations 
of type A and B sites are constant.  
 





























In Figure 4.13 the effect of changing the number of FA binding sites on SFRA is 
compared to the results for FA from pristine field sites. The ISE titration results could be 
explained by adjusting the SFRA to have binding sites between 3 and 5 mmol/gram C.  Results 
suggest, but do not confirm, that binding capacity of the FA accounts for the variability of [Cu2+] 
noted in Table 4.8. Using this approach it appears that Deer Creek (collected on May 22, 2014) 
has the least binding capacity (greatest concentration of Cu2+) and is most similar to results for 
SRFA. FA from Shingle Mill Gulch (collected on June 2, 2014) appears to have a binding 
concentration of 5mmol/gram C. Colorado Gulch FA (collected on June 4, 2014) has the greatest 
binding concentration that starts close to the 7mmol/gram C modeling result. It is unclear that a 
relationship between optical properties such as SUVA254 and eventually toxicity (i.e., EC50) can 
be established mainly due to the previously discussed uncertainty at low copper concentrations. 
However, it is clear that additional manipulation of FA input parameters results in an improved 
fit of predicted and measured Cu2+ concentration in solution. 
 
Figure 4.13 modeled 3.0 mg C/L DOC with varying total amounts (mmol) of FA binding sites. 



























4.6 Summary and Conclusions 
Quantifying complexation reactions of free copper with organic (DOC) and inorganic 
(anions) ligands is an important aspect of understanding the distribution of copper among these 
respective ligands as it affects bioavailability for aquatic toxicity. Numerous studies measuring 
Cu-DOC binding have resulted in the development of binding constants used to parameterize 
geochemical (i.e., MINTEQ and WHAMIV) and biotic ligand models. This research suggests the 
variability associated with DOC from different sources, or from fractionation, results in variable 
binding affinities and/or capacities. 
This research has shown that DOC fractionated with hydrous oxides (Fe and Al) appear 
to result in less binding affinity with copper, therefore resulting in more Cu2+ present in solution 
and greater toxicity to D. magna. In general, fractionated DOC had a decrease in SUVA254 and 
likely less binding affinity and capacity from fractionated DOC. There are a few exceptions 
observed where DOC with lower SUVA254 values has comparable binding properties to DOC 
with higher SUVA254 values. These possible differences likely exist at the molecular level and 
may explain the variation between unfractionated, pristine DOC (i.e., Deer Creek, Colorado 
Gulch, and Shingle Mill Gulch) and DOC from AMD/ARD and confluence sites. Another factor 
suggested by some of the data from Chapter 2 is that seasonality may be important as related to 
DOC quality. Hence some of the variability of SUVA254 vs. Cu2+ binding observed in DOC 
collected during the late-summer periods (i.e., August) may be explained. 
Although there are numerous numerical geochemical models that can be utilized for this 
research vMINTEQ provided a relatively robust modeling approach that uses known chemical 
equilibrium parameters for SRFA. As this research has shown, vMINTEQ can be manipulated, 
namely by altering parameters such as the concentration of FA binding sites, to provide a better 
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fit of modeled verses measured Cu2+ binding results. This approach suggested that variability in 
Cu-DOC binding among FA with similar SUVA254 values is could be a result of differences in 
binding capacities. However other approaches, such as changing binding site affinity were not 
examined. Another probable cause of differences between modeled verses measured results 
arises at total Cu concentrations <1.0E-5 M, where the cupric ISE begins to lose Nernstian 





















SUMMARY AND CONCLUSIONS 
 
DOC is a complex material, with numerous natural causes of variability (climate, source, 
hydrology, etc.) imparting differences in many key characteristics. This study attempts to 
provide an assessment of DOC spectroscopic characteristics and its role in influencing aquatic 
metal toxicity through complexation with metals. While a number of researchers have 
investigated DOC source as important determinant of its characteristics, this study is one of only 
a few that have investigated the importance of DOC fractionation caused by sorption to metal 
oxyhydroxides. This study focused on examining fulvic acid (FA) characteristics. 
A goal of this study was to examine a number of watersheds to determine the relative 
importance of the various causes of variability in FA characteristics. Results presented in 
Chapter 2 have shown that although there is a seasonal variability component, it appears that 
DOC fractionation with HFO and HAO is also of significant importance. Fractionation appears 
to be more significant during the spring/summer periods than for fall/winter, as demonstrated by 
optical properties and the non-conservative behavior determined by solute-loss modeling. It 
appears that sorption of DOC to HFO and HAO results not only in non-conservative mass 
transport, but in optical properties (i.e., SUVA254 and FI) also behaving in a non-conservative 
manner. The result of fractionation during sorption is a decrease in SUVA of DOC remaining in 
the water column that reflects a decrease in aromaticity that likely will affect metal binding 
affinity and capacity of the remaining DOC. 
By comparing samples from confluences to their upstream tributaries it was found that 
seasonal variations appears to be less significant compared to fractionation. Focusing on the 
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pristine tributaries, variations in SUVA and FI from the spring/summer periods compared to the 
fall/winter seasons, suggest a shift in DOC source. The noticeable shift is likely a result of less 
input from soil-derived DOC and minimal primary productivity during the fall/winter periods as 
streams and soils begin to freeze and are snow covered. Additionally, hydrologic influences, 
related to likely groundwater discharge during base flow periods (fall through early-spring) and 
climate condition such as drought, may affect FA characteristics. The lower mass-loss of DOC in 
the confluences during the fall and winter indicate that fractionation processes are not as 
significant during this period, and the change in optical properties is related to the 
aforementioned shift in DOC sources. 
Results presented in Chapter 3 for both field and laboratory investigations have shown 
that fractionation does appear to affect the protective ability of DOC in lowering metal toxicity 
in environments where HFO and HAO are present as a result of AMD/ARD. For unfractionated 
DOC found in pristine streams, source may be significant since there appears to be a weak 
correlation between EC50 and optical properties. For pristine DOCs having similar optical 
properties, but different EC50 values, the key compositional differences likely exist at the 
molecular level and involve characteristics that are not captured in their optical properties. 
Additionally, FA from AMD/ARD impacted tributaries appears to have significantly different 
optical and protective characteristics that may be due to a combination of different sources and 
fractionation with hydrous oxides. 
One goal of this research was to investigate if correlation between optical properties of 
DOC and acute toxicity can be better parameterized for the BLM application on AMD/ARD 
impacted waters. Overall SUVA254 and EC50, while showing a generally inverse relationship, 
appears to have only a weak linear correlation. This is perhaps due to variability in pristine FA 
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that is not captured by SUVA. A stronger correlation was observed using DOC fractionated in 
laboratory experiments where no other variables existed (i.e., mixing with other DOC). A 
comparison between measured and predicted (BLM) EC50 results shows that the BLM typically 
results in overestimated or underestimated EC50 values for the AMD and confluence samples. 
However, given the current level of uncertainty in BLM prediction (factor of 2), consideration of 
fractionation might not be required until such time that the BLM model uncertainty is reduced. 
Chapter 4 suggested that the variability in FA characteristics are a result of variable 
binding affinities and capacities in the FA used in this study. It appears that DOC quality does 
have an impact on Cu-DOC binding characteristics that can partially be explained by optical 
properties of SUVA254 and FI. There are a few exceptions where lower SUVA254 values have 
comparable binding properties as DOC with higher SUVA254 values. These possible differences 
likely exist at the molecular level and may explain the variation between unfractionated, pristine 
DOC (i.e., Deer Creek, Colorado Gulch, and Shingle Mill Gulch) and also DOC from 
AMD/ARD and confluence sites. 
Although there are numerous numerical geochemical models that can be utilized for this 
research vMINTEQ provides a relatively robust modeling approach that uses known chemical 
equilibrium parameters for SRFA. As this research has shown, vMINTEQ can be manipulated, 
namely by adjusting certain parameters such as the concentration of FA binding sites, to provide 
a better fit of modeled versus measured Cu2+ binding results. This approach suggested that 
variability in copper complexation among FA with similar SUVA254 values is likely a result of 
differences in binding site densities. Differences between vMINTEQ-modeled verses ISE 
measured Cu2+ concentrations, arising at total Cu concentrations <1.0E-5 M, may be explained 
because the cupric ISE begins to lose Nernstian response. This is a likely limitation for 
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accurately measuring Cu2+ at these lower concentrations and thus induces uncertainty below 
1.0E-5 M total Cu. 
 
5.1 Contributions to the Field 
Several contributions to the field of DOC-metal interactions can be attributed to the 
findings and observations from this research. Optical spectroscopic approaches have been widely 
used for the characterization of the molecular properties and likely sources of DOC. This 
research provided additional validity for the use of spectroscopic approaches using both 
SUVA254 and FI in identifying seasonal and source shifts associated with DOC. Additionally, 
spectroscopic measurements of DOC along with conservative solute calculations were used to 
identify if other processes such as fractionation significantly alter the inherent molecular 
properties of DOC. Furthermore, the ability to apply conservative calculations on the optical 
properties of DOC including SUVA254 and FI may provide another quantitative approach to 
predict changes in DOC quality due to fractionation. 
This research provides further support for understanding the importance of DOC 
fractionation with metal hydroxides and its effect on copper aquatic toxicity and Cu2+ 
complexation with DOC. Furthermore, the findings related to fractionated DOC are important for 
improving our understanding of the role of DOC quality in BLM calculations. Lastly, this 
research confirms important analytical limitations of the cupric ISE in its ability to measure low 
concentrations of Cu2+. This understanding of the cupric ISE’s limitations will be valuable for 
future applications in Cu-NOM binding research that is vital to improving geochemical modeling 
approaches such as vMINTEQ.     
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5.2 Recommendations and Suggestions for Future Research 
Conclusions from this research allude to the need for further characterization and 
possibly different analytical approaches for measurement of Cu2+ in order to provide better 
definition and data quality with an overall goal of improvement to the BLM. These 
recommendations and suggestions for future research are based off of findings from this study. 
 
5.2.1 DOC Characterization 
Long-term monitoring within a number of watersheds is needed to account for possible 
effects on DOC characteristics of climatic variability, such as drought versus above average 
precipitation years. The suggested long-term monitoring should provide additional spectroscopic 
data to elucidate changes in DOC sources as a result of seasonality. Inclusion of sites where 
fractionation with HFO and HAO is evident would provide additional confirmation of its effects 
on DOC that were observed in this research. Lastly, in order to provide sufficient quantity of FA 
for acute toxicity testing and Cu-DOC binding work it would be beneficial to at least double the 
volume of site water collected for isolation (i.e., 50 L to greater than 100 L) and to possibly 
freeze dry the isolated FA. This would ensure sufficient mass available for more testing (i.e., 
toxicity testing).  
 
5.2.2 Acute Copper Toxicity Testing 
Continued acute toxicity testing using FA obtained from additional sampling at the sites included 
in this research would provide a continuum of EC50 results that could verify the effects of 
seasonality (pristine FA) and fractionation (both laboratory and natural). The use of species with 
a greater tolerance to copper toxicity such as fathead minnows (Pimephales promelas) for 
141 
 
example, would allow future toxicity tests to use higher concentrations of copper (reported LD50 
range of 600 – 1,000 µg Cu/L) and DOC. However, as demonstrated in Figure 4.12, at Cu2+ 
concentrations greater than 10-4 M (~6,300 µg Cu/L) there are likely copper precipitants and 
variable binding properties of FA collected from the field. This would not only provide a better 
understanding of acute toxicity of a more tolerant species, but would also allow better 
comparison of toxicity to Cu-DOC binding measurements using ISE.  
 
5.2.3 Cu-DOC Binding 
The uncertainties described in Chapter 4 of this research, as related to Cu-DOC binding 
measurements are a result of the low Cu and DOC concentrations used to match the aquatic 
toxicity test concentrations. The levels were low for the Cupric ISE methodology used for 
measuring Cu2+. Additional research should utilize higher concentrations of both NOM (i.e., 5 
and 10 mg C/L DOC) and copper (CuTOT >10-6 M) in coordination with using a more tolerant 
species as described above for toxicity testing. This would likely enable better comparison of 
toxicity to Cu2+ measurements if a greater EC50 is expected. It is also suggested that other 
modeling approaches including WHAM VI and NICA-Donnan also be used for comparison 
studies with vMINTEQ since these models are integral to the BLM and would assist in providing 
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SAMPLE SITE PHOTO DOCUMENTATION FOR SNAKE RIVER-DEER CREEK, 




Snake River – Deer Creek, Summit County, Colorado 
 
 
Figure A.1 View looking upstream of the confluence between Deer Creek (right tributary) and 
Snake River (left tributary). Iron and aluminum hydrous oxide deposits are noticeable in the 
middle of the confluence. The DC-05 and SN-02 sites are located approximately 20 yards from 



















Figure A.2 View looking downstream from the Deer Creek – Snake River confluence below the 
road crossing the Snake River. The presence of likely HAO is noticeable in the middle of the 
























Figure A.3 Photo near the SN-03 sample site location located approximately 50 yards 






















Figure A.4 View looking upstream from the confluence between Deer Creek (right tributary) and 
























Figure A.5 View looking upstream from the confluence between Deer Creek (right tributary) and 






















Figure A.6 Photo near the SN-03 sample site location located approximately 50 yards 















Colorado Gulch – Little Frying Pan, Lake County, Colorado 
 
 
Figure A.7 Photo of the confluence between Colorado Gulch (left) and Little Frying Pan (right). 


















Figure A.8 Photo of the COG-06 sample site located approximately 50 yards above the 























Figure A.9 Photo of sampling site LFP-05 located approximately 50 yards upstream from the 




















Shingle Mill Gulch – St. Kevin Gulch, Lake County, Colorado 
 
 
Figure A.10 Confluence of St. Kevin (left) and Shingle Mill Gulch (right) taken in June 2014. 























Figure A.11 Upper St. Kevin (USK) sampling site located approximately 30 yards above the 























Figure A.12 Lower St. Kevin (LSK) taken approximately 50 yards downstream from the 
















Figure A.13 Sampling site for Shingle Mill (SM) gulch located approximately 50 yards above 









WATER CHEMISTRY RESULTS FOR DEER CREEK/SNAKE RIVER, COLORADO 


























Table B.1 Water Chemistry Results for Deer Creek (DC-05) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 6.3 62 13.5 22 NM 0.07 0.03 <10 <10 7.8 8.4 <5.0 <5.0 <4.0 <4.0 
6/5/11 7.9 30 0.1 25 NM 1.12 0.16 <10 <10 8.1 8.3 <5.0 <5.0 78 9 
10/24/11 7.0 104 0.7 NM 2.0 <0.01 <0.01 <10 <10 14.1 15.7 <5.0 <5.0 10 <4.0 
5/28/12 7.6 75 9.3 21 2.1 0.08 <0.01 <10 <10 9.7 10.5 <5.0 <5.0 <4.0 <4.0 
10/31/12 6.9 103 0.0 24 1.4 0.02 <0.01 <10 <10 10.8 15.0 <5.0 <5.0 12 25 
5/24/13 7.5 137 0.1 NM 5.6 0.15 0.04 <10 <10 10.0 9.3 <5.0 <5.0 8 8 
8/11/13 8.0 84 9.3 22 1.7 0.03 0.01 <10 <10 11.7 12.0 7 <5.0 <4.0 <4.0 
11/29/13 7.2 99 0.1 26 1.2 0.04 0.01 <10 <10 18.4 16.4 12 <5.0 <4.0 <4.0 
1/17/14 6.4 104 0.0 25 1.3 0.02 0.02 <10 <10 10.2 12.2 <5.0 <5.0 <4.0 <4.0 
5/22/14 6.5 85 0.2 23 3.2 0.07 0.03 <10 <10 12.1 11.7 <5.0 <5.0 7 9 
8/14/14 6.7 75 10.5 24 2.1 0.02 0.01 <10 <10 9.5 9.1 <5.0 <5.0 <4.0 <4.0 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.1 Water Chemistry Results for Deer Creek (DC-05) -Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 <0.1 <0.1 <0.5 <0.5 1.4 1.5 22 19 1.0 1.1 <10 <10 17 12 
6/5/11 1.42 <0.1 1.0 0.6 1.5 1.4 91 27 1.0 0.9 <10 <10 18 9 
10/24/11 0.03 <0.01 <0.5 <0.5 2.4 2.5 41 20 1.0 1.2 80 <10 <5 <5 
5/28/12 0.06 0.02 0.7 1.0 1.8 1.7 13 8 1.0 1.0 <10 <10 23 45 
10/31/12 0.07 <0.01 1.0 1.0 2.4 7.2 31 18 1.2 2.8 <10 <10 1,100 <5 
5/24/13 0.67 0.08 0.8 0.8 1.6 1.6 154 32 0.7 0.7 <10 <10 21 35 
8/11/13 0.15 0.08 <0.5 <0.5 2.2 2.2 27 20 1.5 1.4 12 <5 6 29 
11/29/13 0.14 0.07 0.6 0.6 3.4 2.9 39 37 1.6 1.1 34 <10 25 15 
1/17/14 0.12 0.06 <0.5 0.6 1.9 2.3 36 34 1.0 1.3 <10 <10 245 9 
5/22/14 0.34 0.06 0.6 0.6 2.0 1.9 78 29 0.8 0.3 <5 <5 30 26 
8/14/14 0.15 0.08 <0.5 <0.5 1.8 1.7 32 27 0.9 0.9 <10 15 6 <5 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.2 Water Chemistry Results for Snake River Below Confluence (SN-03) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 4.7 129 13.3 N/A NM 2.24 1.85 17 <10 8.4 9.4 <5.0 <5.0 15 13 
6/5/11 5.0 57 0.3 N/A NM 3.69 2.79 <10 <10 7.6 7.8 <5.0 <5.0 21 17 
10/24/11 5.1 113 0.6 N/A 1.0 5.62 4.31 <10 <10 15.5 12.6 16 <5.0 30 20 
5/28/12 5.3 122 9.0 N/A 0.9 2.42 0.68 <10 <10 9.9 10.3 <5.0 <5.0 13 <4.0 
10/31/12 4.9 245 -0.1 N/A 0.8 6.12 <0.01 <10 <10 12.7 13.9 <5.0 <5.0 29 <4.0 
5/24/13 5.4 239 1.1 N/A 1.9 1.97 0.99 <10 <10 9.5 9.5 <5.0 <5.0 14 12 
8/11/13 5.3 180 10.2 N/A 0.9 4.27 3.47 <10 <10 12.5 12.6 10 <5.0 18 16 
11/29/13 5.2 217 0.1 N/A 0.8 5.63 4.77 <10 <10 21.0 19.3 16 7 19 17 
1/17/14 4.9 222 0.0 N/A 0.9 6.48 5.76 <10 <10 14.9 10.4 <5.0 <5.0 21 21 
5/22/14 5.0 151 0.6 N/A 1.6 3.1 1.99 <10 <10 12.9 12.1 <5.0 <5.0 15 15 
8/14/14 4.8 162 9.8 N/A 1.2 3.47 2.70 <10 <10 11.0 10.6 <5.0 <5.0 18 18 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.2 Water Chemistry Results for Snake River Below Confluence (SN-03) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 0.58 0.43 0.6 0.6 3.4 3.9 657 735 1.5 1.7 13 <10 352 391 
6/5/11 7.30 0.40 1.2 0.9 3.6 3.5 310 627 1.5 1.5 <10 <10 162 337 
10/24/11 <0.1 <0.1 <0.5 <0.5 7.5 5.9 1,480 1,390 2.5 2.1 96 <10 670 696 
5/28/12 0.57 0.42 0.8 1.1 3.6 3.6 532 486 1.6 1.6 15 <10 270 238 
10/31/12 0.26 <0.1 1.2 0.7 6.7 2.7 1,640 1,630 2.5 0.1 12 <10 742 30 
5/24/13 0.20 <0.1 1.0 1.0 3.5 3.5 573 544 1.2 1.2 <10 <10 268 292 
8/11/13 0.78 0.47 0.8 0.6 5.8 5.7 1,130 1,170 2.4 2.2 16 <10 515 604 
11/29/13 1.22 0.20 0.9 1.0 10.6 9.4 1,470 1,460 0.2 2.2 25 10 741 718 
1/17/14 0.85 0.10 0.9 0.7 7.3 5.1 1,640 1,600 2.7 2.0 <10 <10 822 853 
5/22/14 1.16 0.41 0.8 0.8 4.9 4.6 809 814 0.5 0.4 <10 <10 366 382 
8/14/14 0.71 0.24 0.5 0.5 5.1 4.9 1,000 981 1.42 1.44 13 10 479 478 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.3 Water Chemistry Results for Snake River Above Confluence (SN-02) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 3.9 223 13.2 N/A NM 4.0 4.5 <10 <10 10.5 11.6 <5.0 <5.0 25 24 
6/5/11 3.9 84 0.4 N/A NM 3.7 3.3 <10 <10 7.1 7.5 <5.0 <5.0 37 20 
10/24/11 3.6 385 0.4 N/A 0.8 8.2 8.3 <10 <10 13.0 12.3 14 <5.0 40 31 
5/28/12 3.6 243 8.7 N/A 0.6 4.9 5.1 <10 <10 10.1 10.8 <5.0 <5.0 18 12 
10/31/12 3.5 414 -0.1 N/A 1.0 10.7 12.3 <10 <10 20.8 24.9 <5.0 8 43 40 
5/24/13 3.8 399 1.8 N/A 2.7 3.3 3.2 <10 <10 10.9 10.7 <5.0 <5.0 18 18 
8/11/13 4.1 318 11.0 N/A 1.1 7.6 7.8 <10 <10 13.4 14.1 11 <5.0 30 29 
11/29/13 3.9 387 0.1 N/A 0.9 10.5 10.2 <10 <10 19.5 19.4 19 11 35 33 
1/17/14 3.6 391 0.0 N/A 1.0 11.7 11.6 <10 <10 11.8 11.8 <5.0 <5.0 38 38 
5/22/14 3.8 244 0.8 N/A 1.1 5.5 5.4 <10 <10 13.1 12.4 <5.0 <5.0 22 22 
8/14/14 3.6 306 9.1 N/A 0.9 6.8 6.6 <10 <10 11.9 12.5 6 <5.0 33 33 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.3 Water Chemistry Results for Snake River Above Confluence (SN-02) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
7/5/10 1.06 0.97 0.7 0.7 5.9 6.6 1,300 1,450 2.2 2.3 <10 <10 657 754 
6/5/11 5.79 0.56 1.1 0.9 3.7 4.0 343 719 1.6 1.6 13 <10 187 391 
10/24/11 <0.1 1.06 <0.5 <0.5 8.4 9.9 2,100 2,200 2.5 2.7 71 <10 963 1,070 
5/28/12 1.07 1.13 0.9 1.1 5.4 5.6 1,070 998 2.2 2.2 <10 <10 511 521 
10/31/12 0.91 0.99 1.8 1.6 13.3 14.9 2,780 3,070 4.3 4.5 11 <10 1,240 1,460 
5/24/13 0.99 0.38 1.2 1.2 5.2 5.2 948 875 1.7 1.7 <10 <10 461 452 
8/11/13 1.22 1.17 1.0 0.9 8.5 8.9 1,920 2,020 3.1 3.1 18 <10 874 1,030 
11/29/13 2.08 2.10 1.0 1.1 13.8 13.7 2,650 2,620 2.0 2.8 31 <10 1,290 1,320 
1/17/14 1.41 1.33 0.9 0.9 8.4 8.2 2,780 2,810 2.8 3.0 <10 <10 1,450 1,420 
5/22/14 1.98 1.04 1.0 1.0 7.0 6.7 1,380 1,370 0.6 0.3 <10 <10 624 628 
8/14/14 1.20 1.15 0.7 0.7 7.8 8.0 1,890 1,820 1.9 2.0 10 <10 931 882 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.4 Water Chemistry Results for Colorado Gulch Above Confluence (COG-06) 
Sample 
Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 6.0 27 3.2 10 4.0 2.37 <0.01 <10 <10 27.0 2.8 <5.0 <5.0 <4.0 <4.0 
6/14/11 6.8 14 5.0 18 NM 0.87 0.02 <10 <10 2.9 2.2 <5.0 <5.0 <4.0 <4.0 
9/30/11 6.8 29 5.3 17 NM 0.14 0.05 <10 <10 4.0 3.6 <5.0 <5.0 13 <4.0 
5/24/12 7.0 32 5.5 8 3.1 0.35 0.12 <10 <10 2.9 2.8 <5.0 <5.0 14 <4.0 
10/31/12 7.2 40 1.0 11 1.3 0.12 0.06 <10 <10 2.3 1.2 <5.0 <5.0 17 8 
6/4/13 7.2 28 3.7 12 3.9 0.18 0.03 <10 <10 1.4 1.3 <5.0 <5.0 11 8 
9/10/13 7.2 34 2.1 13 1.8 0.19 0.13 <10 <10 4.4 4.4 9 <5.0 11 9 
11/3/13 7.1 50 0.2 11 1.7 0.17 0.10 <10 <10 3.9 3.9 <5.0 <5.0 8 7 
1/22/14 6.7 37 -0.1 13 1.5 0.15 0.07 <10 <10 2.2 2.1 <5.0 <5.0 6 <4.0 
6/4/14 5.9 25 4.8 7 3.9 0.49 0.04 <10 <10 NM 2.2 <5.0 <5.0 <4.0 <4.0 
8/5/14 6.7 41 7.8 12 4.5 0.19 0.13 <10 <10 3.6 3.6 <5.0 <5.0 9 8 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.4 Water Chemistry Results for Colorado Gulch Above Confluence (COG-06) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 3.60 0.82 NM NM 8.0 8.2 214 50 NM NM <10 <10 182 <5 
6/14/11 1.37 <0.1 5.0 0.6 1.4 0.6 15 5 2.8 1.5 <10 <10 <5 <5 
9/30/11 <0.01 <0.01 0.6 <0.5 1.4 1.2 38 42 2.3 1.9 53 <10 28 46 
5/24/12 <0.01 <0.01 0.6 0.8 0.9 0.8 104 80 1.8 1.7 12 <10 110 56 
10/31/12 <0.01 <0.01 0.7 <0.5 1.3 0.7 54 49 1.2 0.8 <10 <10 51 70 
6/4/13 <0.01 <0.01 <0.5 <0.5 0.3 0.3 11 8 0.7 0.7 14 <10 11 34 
9/10/13 0.05 0.03 <0.5 <0.5 1.4 1.5 124 134 2.3 2.6 11 <10 86 210 
11/3/13 0.04 0.02 <0.5 <0.5 1.4 1.3 118 107 0.2 1.0 <10 <10 90 85 
1/22/14 0.06 0.02 <0.5 <0.5 0.8 0.8 81 72 1.3 1.4 <10 <10 62 120 
6/4/14 0.30 0.04 NM <0.5 NM 0.7 14 <5 NM 1.5 <10 <10 20 6 
8/5/14 0.14 0.08 <0.5 <0.5 1.2 1.2 106 102 1.3 1.3 <10 <10 86 81 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.5 Water Chemistry Results for Colorado Gulch Below Confluence (COG-07) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 5.0 51 3.6 N/A 1.7 21.0 12.6 <10 <10 6.4 5.8 <5.0 <5.0 1,690 1,400 
6/14/11 4.6 33 4.5 32 NM 0.8 0.5 <10 <10 3.0 3.0 <5.0 <5.0 75 71 
9/30/11 7.4 32 4.8 17 NM 1.4 0.2 <10 <10 3.9 3.8 13 <5.0 70 7 
5/24/12 7.0 38 5.5 6 2.8 0.6 0.2 <10 <10 3.1 3.0 <5.0 <5.0 24 10 
10/31/12 7.2 41 1.0 12 1.5 0.1 0.1 <10 <10 2.4 2.9 <5.0 <5.0 17 9 
6/4/13 5.2 61 3.4 N/A 2.0 0.2 0.2 <10 <10 3.4 3.5 <5.0 <5.0 54 53 
9/10/13 7.1 53 2.3 12 2.0 0.2 0.1 <10 <10 4.3 4.3 11 <5.0 11 8 
11/3/13 7.0 51 0.2 11 1.3 0.2 0.1 <10 <10 4.2 4.0 <5.0 <5.0 8 7 
1/22/14 6.7 42 -0.1 13 1.5 0.1 0.1 <10 <10 2.3 2.2 <5.0 <5.0 5 <4.0 
6/4/14 4.2 54 4.9 N/A 2.2 1.0 0.6 <10 <10 NM 3.4 8 6 85 79 
8/5/14 6.3 52 7.8 N/A 3.8 0.4 0.2 <10 <10 4.2 4.1 <5.0 <5.0 25 19 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.5 Water Chemistry Results for Colorado Gulch Below Confluence (COG-07) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 0.05 11.9 NM NM 22.0 20.1 13,480 11,500 NM NM <10 <10 7,040 7,370 
6/14/11 1.61 0.27 <0.5 0.6 0.8 1.0 487 489 1.3 1.5 <10 <10 354 383 
9/30/11 1.19 <0.1 0.5 <0.5 1.4 1.2 229 127 2.1 2.0 65 <10 175 114 
5/24/12 <0.01 <0.01 0.6 0.8 1.1 0.9 241 196 1.8 1.7 <10 <10 196 172 
10/31/12 <0.01 <0.01 0.8 0.6 1.4 0.3 71 76 1.5 0.3 <10 <10 64 195 
6/4/13 <0.01 <0.01 <0.5 <0.5 1.0 1.1 542 505 1.6 1.7 <10 <10 362 373 
9/10/13 0.06 0.03 0.5 0.5 1.5 1.4 160 158 2.4 2.4 16 <10 105 129 
11/3/13 0.05 0.02 <0.5 <0.5 1.5 1.4 145 131 1.5 1.3 <10 <10 108 93 
1/22/14 0.05 0.01 <0.5 <0.5 NM 0.8 87 79 NM 1.5 <10 <10 71 166 
6/4/14 2.02 0.61 NM <0.5 NM 1.1 470 470 NM 1.5 <10 <10 346 362 
8/5/14 0.28 0.13 <0.5 <0.5 1.4 1.4 322 313 1.3 1.3 <10 <10 308 233 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.6 Water Chemistry Results for Little Frying Pan Gulch (LFP-05) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 2.8 698 5.6 N/A NM 10.21 9.94 24 24 10.4 9.6 86 87 1,120 1,090 
6/14/11 2.7 332 7.4 N/A 1.1 7.61 7.27 <10 <10 8.6 8.6 59 63 762 717 
9/30/11 3.1 373 6.7 N/A NM 6.73 7.85 <10 <10 15.1 17.3 79 60 400 330 
5/24/12 3.0 667 8.5 N/A 0.9 11.64 <0.01 <10 <10 18.0 18.4 104 91 725 630 
10/31/12 3.6 194 2.5 N/A 1.0 2.94 3.26 <10 <10 11.4 13.0 26 30 149 158 
6/4/13 2.9 731 7.9 N/A 1.3 5.05 4.71 20 22 7.7 7.4 55 50 491 440 
9/10/13 3.6 565 6.8 N/A 2.0 11.44 4.75 13 <10 17.8 17.0 38 28 175 150 
11/3/13 3.8 474 1.0 N/A 1.0 6.13 6.00 <10 <10 23.4 21.2 57 55 239 232 
1/22/14 NM NM NM N/A NM NM NM NM <10 NM NM NM NM NM NM 
6/4/14 3.1 491 9.2 N/A 2.0 5.86 5.12 18 15 NM 9.5 47 47 629 647 
8/5/14 3.1 451 10.9 N/A 1.5 7.22 6.90 <10 <10 22.3 22.5 82 82 524 507 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.6 Water Chemistry Results for Little Frying Pan Gulch (LFP-05) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
6/1/10 25.9 26.5 NM NM 4.9 4.7 7,930 7,300 NM NM 26 22 4,870 4,760 
6/14/11 16.1 16.7 0.7 0.9 3.6 3.7 4,600 4,730 1.5 1.6 <10 12 3,550 3,680 
9/30/11 2.7 2.5 1.2 1.3 6.4 7.0 6,490 5,920 3.1 3.1 42 <10 4,450 4,070 
5/24/12 2.7 2.8 1.3 1.6 8.0 7.8 8,900 7,840 3.0 2.9 24 <10 5,910 5,830 
10/31/12 3.0 2.0 1.5 1.5 4.8 5.2 2,660 3,000 3.5 3.8 20 11 1,670 1,170 
6/4/13 9.2 8.6 <0.5 <0.5 3.1 2.9 4,280 4,080 1.2 1.1 11 <10 2,740 2,770 
9/10/13 8.0 1.5 4.6 1.9 7.5 6.9 5,400 5,240 6.1 5.6 210 230 2,790 2,960 
11/3/13 1.8 1.2 1.6 1.5 9.1 8.2 5,700 5,680 1.9 2.5 29 25 3,820 3,620 
1/22/14 NM NM NM NM NM NM NM NM NM NM NM NM NM NM 
6/4/14 13.2 12.9 NM 0.8 NM 3.5 3,430 3,480 NM 1.6 38 32 2,510 2,690 
8/5/14 4.5 2.6 1.4 1.4 7.9 8.0 6,790 6,740 2.4 2.3 <10 <10 4.920 4,870 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 
6. NM – Not measured 
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Table B.7 Water Chemistry Results for Shingle Mill Gulch (SM) 
Sample 
Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 6.3 91 6.2 12 1.5 0.36 0.23 <10 <10 8.0 7.5 <5.0 <5.0 <4.0 <4.0 
5/21/12 7.4 44 8.3 8 1.7 0.19 0.03 <10 <10 4.8 5.1 <5.0 <5.0 <4.0 <4.0 
10/30/12 6.9 81 2.7 12 1.1 0.09 0.07 <10 <10 5.1 4.6 <5.0 <5.0 13 5 
6/11/13 7.1 31 5.2 NM 2.8 0.08 0.03 <10 <10 3.2 3.0 <5.0 <5.0 <4.0 <4.0 
11/7/13 6.6 56 0.0 14 1.2 0.05 <0.01 <10 <10 5.9 5.7 <5.0 <5.0 <4.0 <4.0 
6/2/14 5.9 26 6.7 9 4.5 0.13 0.04 <10 <10 2.2 2.1 <5.0 <5.0 7 9 
8/27/14 6.1 46 9.4 15 2.8 0.04 0.02 <10 <10 4.1 4.0 <5.0 <5.0 <4.0 <4.0 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 













Table B.7 Water Chemistry Results for Shingle Mill Gulch (SM) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 0.72 0.37 0.7 0.7 2.8 2.7 1,640 1,200 2.3 2.4 20 <10 1,280 1,330 
5/21/12 <0.01 <0.01 0.7 1.0 1.6 1.5 328 277 2.0 1.9 20 <10 625 588 
10/30/12 <0.01 <0.01 1.0 0.6 2.2 1.6 696 784 2.2 1.5 <10 <10 721 861 
6/11/13 <0.01 <0.01 <0.5 <0.5 0.9 0.9 302 124 1.5 1.5 <10 <10 243 218 
11/7/13 0.26 0.02 0.6 0.6 2.0 1.9 300 144 1.1 1.0 <10 <10 267 218 
6/2/14 0.17 0.04 <0.5 <0.5 0.8 0.7 35 13 1.0 0.6 <10 <10 57 53 
8/27/14 0.09 0.04 <0.5 <0.5 1.4 1.4 103 91 1.3 2.0 13 11 122 114 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 











Table B.8 Water Chemistry Results for St. Kevin Below Confluence (LSK) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 3.8 148 7.1 N/A 1.1 2.40 2.23 <10 <10 12.7 12.2 41 36 83 73 
5/21/12 4.7 106 9.2 N/A 0.8 0.98 0.76 <10 <10 6.5 7.0 <5.0 <5.0 64 38 
10/30/12 3.4 325 2.3 N/A 1.1 2.20 2.49 <10 <10 13.9 15.2 36 42 87 87 
6/11/13 4.8 92 5.8 N/A 1.6 0.76 0.68 <10 <10 5.4 5.4 13 15 47 48 
11/7/13 4.1 264 0.0 N/A 1.4 2.11 2.20 <10 <10 15.6 14.6 31 33 80 84 
6/2/14 3.9 99 7.4 N/A 2.0 0.74 0.66 <10 <10 4.3 4.0 18 18 50 48 
8/27/14 4.1 193 10.1 N/A 1.9 1.30 1.23 <10 <10 9.4 9.3 30 29 58 57 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 











Table B.8 Water Chemistry Results for St. Kevin Below Confluence (LSK) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 4.50 3.55 0.7 0.7 5.1 4.9 4,880 4,370 2.4 2.4 25 <10 7,890 7,620 
5/21/12 1.08 0.64 0.7 0.9 2.7 2.7 1,540 1,420 1.9 1.8 15 <10 2,520 2,370 
10/30/12 3.21 3.74 1.2 1.0 5.2 6.1 5,300 6,060 0.5 2.0 12 <10 8,260 9,540 
6/11/13 0.30 0.26 <0.5 <0.5 2.2 2.2 1,200 1,230 1.5 1.3 <10 <10 2,240 2,350 
11/7/13 3.60 2.93 0.7 0.7 6.3 5.8 4,350 4,530 0.3 1.3 <10 12 8,030 8,310 
6/2/14 2.45 0.97 0.5 0.5 1.7 1.6 788 783 1.0 0.4 12 <10 2,560 2,590 
8/27/14 2.69 1.89 0.6 0.5 3.6 3.6 2,820 2,760 1.5 1.6 11 12 5,360 5,360 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 











Table B.9 Water Chemistry Results for St. Kevin Above Confluence (USK) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 3.3 274 7.8 N/A 1.0 4.01 3.92 <10 <10 16.3 15.5 66 68 141 137 
5/21/12 4.1 151 9.5 N/A 0.9 1.29 1.07 <10 <10 7.1 7.9 <5.0 <5.0 73 57 
10/30/12 3.1 509 3.4 N/A 0.7 3.70 4.15 <10 <10 16.5 22.7 58 68 140 146 
6/11/13 4.0 134 6.9 N/A 2.0 1.03 0.90 <10 <10 6.4 6.3 17 17 63 62 
11/7/13 3.7 407 0.0 N/A 1.0 3.33 3.38 <10 <10 19.4 19.1 50 50 129 129 
6/2/14 3.4 221 7.5 N/A 1.3 0.86 0.77 <10 <10 4.4 4.2 18 18 61 60 
8/27/14 3.6 332 10.8 N/A 1.7 2.19 2.11 <10 <10 11.4 11.2 49 48 100 99 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 











Table B.9 Water Chemistry Results for St. Kevin Above Confluence (USK) - Continued 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
9/14/11 7.66 7.13 0.6 0.7 7.0 6.8 7,320 6,930 2.4 2.5 23 <10 12,960 13,080 
5/21/12 1.53 1.36 0.7 0.9 3.1 3.1 1,980 1,930 1.8 1.8 <10 <10 3,160 3,230 
10/30/12 5.55 8.22 1.0 1.2 7.1 10.0 8,470 9,320 2.6 3.4 17 <10 12,780 14,000 
6/11/13 0.92 0.27 <0.5 <0.5 2.7 2.7 1,550 1,560 1.6 1.6 <10 <10 2,910 2,990 
11/7/13 5.95 5.58 0.8 0.8 8.0 7.9 6,530 6,560 1.0 0.9 10 12 11,900 12,040 
6/2/14 2.64 1.31 0.5 0.5 1.9 1.8 923 916 1.5 0.7 13 10 2,660 2,700 
8/27/14 4.85 4.37 0.5 0.5 4.6 4.6 4,540 4,420 1.5 1.5 <10 19 8,880 8,540 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 











Table B.10 Water Chemistry Results for Canterbury Tunnel (CT) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/30/15 8.6 35 11.0 70 1.0 0.02 0.02 <10 <10 33.4 33.2 <5.0 <5.0 <4.0 <4.0 
 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/30/15 <0.01 <0.01 0.8 0.8 13.8 13.8 <5.0 <5.0 2.3 2.3 <10 <10 <5.0 11 
 
Table B.11 Water Chemistry Results for Dinero Tunnel Seep (DT Seep) 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/15/14 6.4 1,120 10.8 <10 1.1 0.07 0.06 15 11 144.8 143.9 <5.0 <5.0 <4.0 <4.0 
 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/15/14 0.03 0.03 2.7 2.7 45.3 44.4 28,070 28,910 13.1 12.8 <10 <10 5,650 5,640 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 





Table B.12 Water Chemistry Results for Bissonnette Well 
Sample Date 
pH S.C.1 Temp Alkalinity DOC2 
Al  As Ca Cd Cu 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
S.U. µS/cm °C mg/L CaCO3 ppm mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/29/15 8.1 26 5.5 80 1.5 0.02 0.02 <10 <10 31.9 31.7 <5.0 <5.0 30 29 
 
Sample Date 
Fe K Mg Mn Na Pb Zn 
Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 Tot3 Diss4 
mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L µg/L µg/L µg/L 
1/29/15 0.02 <0.01 1.4 1.8 13.8 13.7 <5.0 <5.0 1.7 1.7 <10 <10 <5.0 63 
1. S.C. – Specific Conductance 
2. Dissolved organic carbon 
3. Total recoverable metals 
4. Filtered through a 0.1µm membrane PVDF filter 
5. N/A – Not applicable 


















FULVIC ACID ISOLATION STANDARD OPERATING PROCEDURE, OPTICAL 
SPECTROSCOPY RESULTS, AND ICP METALS CONFIRMATION ANALYSIS 
 
 
SOP for Isolation of Fulvic Acid (FA) 
Modified from Thurman and Malcolm (1981) 
 
Terms 
XAD-8 or DAX-8 resin: Used to isolate the hydrophobic components of DOC. 
DOC-01: Bulk, filtered sample water. 
DOC-02: Hydrophilic components of DOC that pass through the isolation process. 
Carbohydrates, proteins, etc. 
DOC-03: Hydrophobic components of DOC that are retained on the DAX-8 resin. Humic and 
fulvic acids. 
 
Supplies (Have ready before starting fractionation process) 
For 1L samples:  0.9cm i.d. glass columns for 1L sample H+ saturated and clean XAD-8 (or DAX-8) resin. 
 0.9cm i.d. glass columns with H+ saturated CEC resin (stored in 1M HCl between 
samples). 
 Peristaltic pump with variable speed capability of 1ml/minute to 100ml/minute 
 Pre-combusted/pre-cleaned 100mL glass amber jars for DOC-03 fraction (one for each 
sample). 
 Pre-combusted/pre-cleaned 30 or 60mL glass amber jars for the DOC-01 (one for each 
sample) and DOC-02 (one for each sample) fractions. These are for TOC analysis. 
 Pre-combusted/pre-cleaned 1L glass amber jars for DOC-02 eluent (one for each sample). 
 2L 0.1N NaOH 
 2L 0.1N HCl 
 1L 1.0M H3PO4 
 DI water 
 Calibrated pH and conductivity meter 
 Clean 100mL polypropylene graduated cylinder to catch the 0.1N NaOH back-eluent. 
 
For 10L samples:  5.0cm i.d. glass columns with H+ saturated and clean XAD-8 (or DAX-8) resin. 
 0.9cm i.d. glass columns with H+ saturated CEC resin (stored in 1M HCl between 
samples). 




 Pre-combusted/pre-cleaned 30 or 60mL glass amber jars for the DOC-01 (one for each 
sample) and DOC-02 (one for each sample) fractions. These are for TOC analysis. 
 Pre-cleaned 10L plastic carboys for DOC-02 eluent (one for each sample). 
 2L 0.1N NaOH 
 2L 0.1 HCl 
 DI water 
 Calibrated pH and conductivity meter 
 Clean 1000mL polypropylene graduated cylinder to catch the 0.1N NaOH back-eluent. 
 
For 50L samples:  5.0cm i.d. glass columns with H+ saturated and clean XAD-8 (or DAX-8) resin. 
 0.9cm i.d. glass columns with H+ saturated CEC resin (stored in 1M HCl between 
samples). 
 Pre-combusted/pre-cleaned 1L glass amber jars for DOC-03 fraction (one for each 
sample). 
 Pre-combusted/pre-cleaned 30 or 60mL glass amber jars for the DOC-01 (one for each 
sample) and DOC-02 (one for each sample) fractions. These are for TOC analysis. 
 Pre-cleaned 10L plastic carboys for DOC-02 eluent (one for each sample). 
 2L 0.1N NaOH 
 2L 0.1 HCl 
 1L 1.0M H3PO4 
 DI water 
 Calibrated pH and conductivity meter 
 Clean 1000mL polypropylene graduated cylinder or 1000mL Erlenmeyer flask to catch 
the 0.1N NaOH back-eluent. 
 
Procedure for hydrophobic fraction (fulvic and humic acids) 
1) Acidify if necessary with phosphoric acid (50mL of 85% H3PO4 for 12 gallon glass 
carboy; 20mL of 85% H3PO4 for 10L samples; and 5 mL for 1L samples). Check with pH 
paper to ensure that the pH is <2.0. 
2) If necessary, assemble the columns and tubing. Add enough resin until you reach 
approximately 1-inch (0.9cm columns) or 2 inches (5.0cm columns) from the top. Run DI 
water through your set-up to check for leaks before proceeding to the next step. 
3) Rinse the columns by alternating 0.1N NaOH for five minutes (15 minutes for the 5cm 
columns). Alternate with 0.1N HCl for the same amount of time. Perform this flush a 
minimum of three times to ensure that the columns are cleaned out. Always run the 0.1N 
HCl last before proceeding to the next step. Be sure all the flow valves on the columns 
are closed to avoid loss of pressure. 
4) Weigh out the samples and collection bottles as instructed. Be sure and write the 
following on each label: 
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a. Sample ID (i.e., DC-05) 
b. Sample Date (i.e., 5/24/13) 
c. DOC fraction (i.e., DOC-03). Use white tape for DOC-01, red for DOC-02, and 
green for DOC-03.  
5) Collect a DOC-01 sample in one of the 30mL or 60mL sample bottles from each sample.  
6) After weighing the samples, wipe the pump tube with DI and place the tube into the 
DOC-01 sample. Cover the top with Parafilm to prevent contamination. 
7) Place an appropriated sized sample container for the effluent (DOC-02). Cover with 
Parafilm. 
8) Set the pump rate for the appropriate column: 
a. 0.9cm = 4mL/min (for 1L DOC-01 sample). Approximately 4-hour isolation time. 
b. 5cm = 50mL/min (for 10L DOC-01 sample). Approximately 5 hour isolation 
time. 
c. 5cm = 100mL/min (for 50L DOC-01 sample). Approximately 5-6 hours isolation 
time. 
9) Start the pump and open the flow valve on the columns. You made need to do some 
adjustments to ensure that the DAX-8 resin is completely submerged in the sample 
during the duration of the isolation process. 
10) Write down the start time on the weight sheets for each sample. 
11) There is not a need to babysit the samples but it is suggested to check on them every 15-
20 minutes to ensure that there are not any leaks and the sample tube in the DOC-01 
fraction is still submerged. 
12) Once the DOC-01 samples has completely been run through the columns, close the flow 
valves and stop the pump. Write down the end time on the weight sheet. 
13) Collect a DOC-02 sample from the eluent in a 30mL or 60mL glass amber sample jar. 
Discard the remainder by neutralizing with baking soda first. 
14) Run DI water through the columns for approximately 15 minutes to flush out any residual 
ions. 
15) Rearrange the columns to back-eluent the now sorbed fulvic acid on the XAD-8 resin 
with 0.1N NaOH. 
16) Run 0.1N NaOH through the bottom tube to completely fill before attaching to the 
column. 
17) Set the pump rate for the appropriate column: 
a. 0.9cm = 3mL/min (for 1L DOC-01 sample). Approximately 30 minute flush time. 
b. 5cm = 20mL/min (for 10L DOC-01 sample). Approximately 50 minute flush 
time. 
c. 5cm = 20mL/min (for 10L DOC-01 sample). Approximately 50 minute flush 
time.  




Obtain a proper graduated cylinder for the back-eluent (DOC-03) sample: 
a. For 1L DOC-01 sample = 100mL 
b. For 10L and 50L DOC-01 sample = 1000mL 
19) Start the pump and open the flow valve allowing 0.1NaOH to move upward through the 
columns. Keep pH paper on hand since you will need to place the exit tubes into the 
graduated cylinder once you read (dark blue) a high pH (>12.0) on the pH paper. Write 
down the start time (when you place the tube into the graduated cylinder). 
20) Weigh out and record a 100mL amber glass jar for the 1L sample or 1L amber glass jar 
for the 10L and 50L samples. Record on the weight sheet. 
21)  It takes about 30 minutes (1L ) to approximately 50 minutes (10L and 50L) to collect 
your volume. 
22) For the 50L sample, add 10mL 85% H3PO4 into your 1L back-eluent and test with pH 
paper to ensure pH is approximately 2.0. You will save this sample and run it through the 
columns (0.9cm i.d.) again to concentrate it. 
23) During the back-eluent step, prepare the CEC resin (amber colored).  Hook up the 0.9cm 
glass column with CEC resin and rinse with 1M HCl for the duration of the back-eluent 
step. This charges the resin with H+ necessary for the cation exchange and acidification 
of the sample. 
24) Once the back-eluent step is complete, place the pump tube for the CEC into DI water. 
Using a conductivity probe, run DI water through the 0.9cm glass column with the CEC 
resin and measure conductance until close it is close to DI (approximately 10-30 uS/cm). 
There will be residual H+ so achieving conductance to exactly that of DI water is not 
feasible. 
25) Add the now H+ saturated DOC-03 sample into a 100mL amber jar for the 100mL 
sample or 1L for the 1L sample.  Record the sample + jar weight on the weight sheet. The 
difference should be approximately the mass of your sample (i.e., 100mL = 100g). 
26) Measure pH of the DOC-03 sample and record as the final pH. 
27) Place the DOC-01, DOC-02, and DOC-03 samples in a refridgerator. 
28) Reassemble the columns to their original orientation and rinse as described in step 2 
above. Always run 0.1N HCl last for storage. 
29) Neutralize any acidic waste with baking soda and dispose in the sink. Run tap water for 















































































Figure C.4 DOC-03 eluent prior to CEC step. Samples shown are SN-03 and DC-05 collected on 














Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
SRFA 6/20/2012 3.27 22.3 19.5 1.27 
SRFA 6/13/2013 3.50 22.8 19.4 1.23 
SRFA 8/6/2015 4.13 28.1 24.2 1.24 
SRFA (Tox Test) 1/28/15 3.80 33.0 36.0 1.27 
SRFA + 80 mg/L Fe (Tox Test) 1/28/15 2.57 19.0 16.0 1.60 
SRFA + 20 mg/L Fe (Tox Test) 1/28/15 3.15 25.0 21.0 1.45 
SRFA + 20 mg/L Al  (Tox Test) 1/28/15 1.82 13.0 11.0 1.50 
SRFA + 5 mg/L Al (Cu-DOC) 8/6/2015 3.91 27.3 23.4 1.22 
SRFA + 50 mg/L Al (Cu-DOC) 8/6/2015 1.21 5.0 4.0 1.23 
SRFA + 100 mg/L Al (Cu-DOC) 8/6/2015 1.42 4.7 3.8 1.30 
DT Seep 1/15/2014 1.62 7.5 6.7 1.64 
CT 1/30/2015 2.43 5.5 4.9 1.38 
Bissonnette Well 1/29/2015 1.15 5.0 4.2 1.58 
COG-06 6/1/2010 2.77 37.5 34.7 1.18 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
COG-06 6/11/2011 2.68 33.6 31.1 1.19 
COG-06 9/30/2011 1.69 18.2 16.9 1.47 
COG-06 5/24/2012 2.93 25.9 23.2 1.23 
COG-06 10/31/2012 1.13 7.7 6.7 1.37 
COG-06 6/4/2013 3.50 23.2 19.7 1.32 
COG-06 9/10/2013 4.17 30.3 25.9 1.29 
COG-06 11/3/2013 3.61 25.9 22.1 1.30 
COG-06 1/22/2014 2.72 17.0 14.7 1.38 
COG-06 6/4/2014 4.88 32.7 27.6 1.25 
COG-06 (Al) 6/4/2014 4.16 27.8 23.5 1.33 
COG-06 8/5/2014 4.14 29.2 24.9 1.24 
COG-07 6/11/2011 2.32 11.5 10.3 1.54 
COG-07 9/30/2011 1.34 16.4 15.3 1.15 
COG-07 5/24/2012 2.93 25.8 22.8 1.20 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
COG-07 10/31/2012 1.23 6.7 5.7 1.45 
COG-07 6/4/2013 2.32 11.5 10.3 1.39 
COG-07 9/10/2013 3.30 22.2 18.7 1.35 
COG-07 11/3/2013 3.18 22.2 18.9 1.22 
COG-07 1/22/2014 2.59 15.7 13.5 1.52 
COG-07 6/4/2014 2.49 13.9 11.4 1.44 
COG-07 8/5/2014 4.16 29.6 25.2 1.25 
LFP-05 6/11/2011 2.68 18.0 16.6 1.61 
LFP-05 9/30/2011 1.80 27.4 25.8 1.18 
LFP-05 5/24/2012 1.09 10.9 10.5 1.50 
LFP-05 10/31/2012 1.09 6.6 5.6 1.64 
LFP-05 6/4/2013 1.19 6.7 5.8 1.32 
LFP-05 9/10/2013 1.70 6.1 5.1 1.31 
LFP-05 11/3/2013 2.17 12.1 10.0 1.38 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
LFP-05 6/4/2014 1.32 7.3 6.1 1.45 
LFP-05 8/5/2014 2.39 11.8 9.9 1.45 
DC 7/5/2010 2.46 30.6 28.7 1.23 
DC 6/5/2011 2.83 31.8 29.2 1.27 
DC 10/24/2011 2.23 22.2 20.3 1.42 
DC 5/28/2012 2.35 18.5 16.6 1.35 
DC 10/31/2012 0.77 3.1 2.4 1.34 
DC 5/24/2013 3.17 21.2 17.9 1.26 
DC 8/11/2013 3.69 24.9 21.1 1.37 
DC 11/29/2013 3.42 22.0 18.7 1.47 
DC 1/17/2014 1.87 10.8 9.6 1.50 
DC 5/22/2014 4.18 25.2 21.3 1.37 
DC (Al) 5/22/2014 3.05 18.2 15.2 1.41 
DC 8/14/2014 4.02 29.3 25.0 1.30 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
SN-03 7/5/2010 1.50 18.8 17.8 1.22 
SN-03 6/5/2011 1.82 11.8 10.3 1.39 
SN-03 10/24/2011 1.91 26.0 25.7 1.60 
SN-03 5/28/2012 2.04 24.1 22.6 1.46 
SN-03 10/31/2012 0.86 3.1 2.3 1.46 
SN-03 5/24/2013 2.37 12.0 9.9 1.41 
SN-03 8/11/2013 2.12 14.8 12.9 1.55 
SN-03 11/29/2013 1.92 11.4 10.0 1.74 
SN-03 1/17/2014 1.83 9.0 8.1 1.70 
SN-03 5/22/2014 1.89 8.4 6.6 1.53 
SN-03 8/14/2014 1.50 18.8 17.8 1.22 
SN-02 7/5/2010 1.78 29.0 28.1 1.24 
SN-02 6/5/2011 1.85 11.5 10.1 1.37 
SN-02 10/24/2011 1.00 14.7 14.3 1.53 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
SN-02 5/28/2012 2.02 13.0 12.4 1.56 
SN-02 10/31/2012 0.91 5.9 5.3 1.39 
SN-02 5/24/2013 3.05 23.7 21.1 1.34 
SN-02 8/11/2013 1.08 10.5 9.7 1.25 
SN-02 11/29/2013 1.69 7.4 5.8 1.58 
SN-02 1/17/2014 1.64 10.2 9.1 1.73 
SN-02 5/22/2014 3.52 23.8 20.1 1.32 
SN-02 8/14/2014 2.56 18.3 15.6 1.42 
SM 9/14/2011 N/M 41.1 36.9 1.53 
SM 5/21/2012 1.95 10.9 10.1 1.38 
SM 10/30/2012 1.17 5.2 4.2 1.52 
SM 6/11/2013 1.42 7.7 6.5 1.41 
SM 11/7/2013 2.30 14.2 12.0 1.40 
SM 6/2/2014 4.00 23.5 19.8 1.28 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
SM (Al) 6/2/2014 2.12 11.9 10.1 1.41 
SM 8/27/2014 3.85 26.9 22.8 1.27 
LSK 9/14/2011 2.12 13.2 12.3 1.59 
LSK 5/21/2012 1.91 8.3 7.5 1.51 
LSK 10/30/2012 2.61 10.0 8.0 1.39 
LSK 6/11/2013 1.69 9.0 7.6 1.44 
LSK 11/7/2013 1.61 8.3 7.0 1.39 
LSK 6/2/2014 2.08 9.3 7.6 1.43 
LSK 8/27/2014 2.15 10.3 8.3 1.43 
USK 9/14/2011 2.44 13.4 12.5 1.58 
USK 5/21/2012 2.64 17.8 16.7 1.11 
USK 10/30/2012 0.84 6.7 6.1 1.39 
USK 6/11/2013 2.22 12.8 10.8 1.33 
USK 11/7/2013 2.14 12.1 10.2 1.51 
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Table C.1 Optical Spectroscopy Results For All Fulvic Acid 
Sample Site Sample Date 
SUVA254,  
L mg -1 m-1 
SAC340, 
cm2/mg SAC350, cm2/mg F.I. 
USK 6/2/2014 2.11 9.4 7.2 1.58 
USK 8/27/2014 2.10 13.2 11.4 1.58 
HG 6/30/2010 2.52 32.2 30.1 1.19 
























Table C.2 ICP Results for Bulk (Undiluted) FA Isolates 
Sample ID Al, µg/L Fe, µg/L 
COG-06 5-24-12 81 <40 
COG-06 6-1-10 116 <40 
COG-06 6-14-11 66 <40 
COG-06 9-30-11 151 <40 
COG-07 5-24-12 84 <40 
COG-07 6-14-11 885 76 
COG-07 9-30-11 135 <40 
DC-05 10-24-11 178 <40 
DC-05 5-28-12 67 <40 
DC-05 6-5-11 99 <40 
DC-05 7-5-10 86 <40 
HG 5-21-12 <60 41 
HG 6-30-10 66 <40 
L. St. Kevin 5-21-12 590 56 
L. St. Kevin 9-14-11 118 44 
LF-08B 5-21-12 86 <40 
LF-09 5-21-12 65 <40 
LFP-05 5-24-12 76 <40 
LFP-05 6-14-11 378 110 
LFP-05 9-30-11 121 <40 
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Table C.2 ICP Results for Bulk (Undiluted) FA Isolates 
Sample ID Al, µg/L Fe, µg/L 
Shingle Mill 5-21-12 <60 <40 
Shingle Mill 9-14-11 610 98 
SN-02 10-24-11 72 <40 
SN-02 5-28-12 72 58 
SN-02 6-5-11 533 51 
SN-02 7-5-10 166 <40 
SN-03 10-24-11 92 <40 
SN-03 5-28-12 64 <40 
SN-03 6-5-11 1,930 65 
SN-03 7-5-10 95 <40 
SRFA 6-20-12 <60 <40 
U. St Kevin 5-21-12 <60 <40 
U. St. Kevin 9-14-11 145 73 
DC 5-22-14 <10 <10 
SN-03 5-22-14 14 10 
SN-02 5-22-14 <10 <10 
COG-06 6-4-14 71 51 
COG-07 6-4-14 44 16 
LFP-05 6-4-14 <10 <10 
SM 6-2-14 95 58 
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Table C.2 ICP Results for Bulk (Undiluted) FA Isolates 
Sample ID Al, µg/L Fe, µg/L 
LSK 6-2-14 <10 <10 
USK 6-2-14 <10 18 
DC 8-14-14 <10 <10 
SN-03 8-14-14 <10 <10 
SN-02 8-14-14 <10 <10 
COG-06 8-5-14 33 19 
COG-07 8-5-14 40 22 
LFP-05 8-5-14 84 49 
SM 8-27-14 25 28 
LSK 8-27-14 18 14 
USK 8-27-14 22 19 
DC (Al) 5-22-14 <10 <10 
SM (Al) 6-2-14 10 <10 
COG-06 (Al) 6-4-14 <10 <10 
SRFA + 80ppm Fe <10 11 
CT 129 68 






































Table D.1 Chemical Results for All Acute Toxicity Tests 
Fulvic Acid 
DOC, 
ppm pH Temp., °C 
Alkalinity, 
mg/L CaCO3 
Major Cations and Anions, mg/L 
Ca Mg Na K Cl- SO42- 
EPA MHW 0.8 7.8 20.2 59 14 13 26 3 35 88 
SRFA 3.1 8.0 20.0 64 15 13 29 3 5 92 
SRFA + 20ppm Fe 3.2 7.7 19.5 65 14 13 29 5 5 88 
SRFA + 20ppm Al 2.6 7.9 21.5 61 13 12 27 4 8 90 
SRFA + 80ppm Fe 3.0 7.9 20.8 59 14 13 49 5 61 87 
SM 6-2-14 3.1 8.0 19.9 20 14 12 26 5 8 94 
SM (Al) 4.0 7.8 20.2 62 15 14 32 5 13 88 
COG 6-4-14 4.8 8.1 20.6 44 14 12 43 15 14 86 
COG (Al) 4.1 7.7 20.5 64 14 13 31 5 15 90 
DC 5-22-14 3.9 8.1 20.5 28 9 8 18 13 8 93 
DC (Al) 4.1 8.0 20.2 62 15 13 33 4 16 90 
COG-07 6-4-14 5.0 8.0 19.5 54 14 13 42 3 20 83 
LFP 6-4-14 3.0 7.2 20.1 42 15 14 20 7 14 91 
LSK 6-2-14 3.1 8.3 20.1 20 13 12 26 6 8 91 
USK 8-27-14 3.0 7.8 20.4 56 14 13 37 3 21 89 
SN-03 5-22-14 3.1 7.5 20.0 20 8 7 10 6 NM NM 
DC 8-15-14 3.0 7.8 19.5 76 15 14 35 4 8 98 




Table D.2 Chemical Results for All DOC-Cu Binding Tests 
Fulvic Acid 
DOC, 





Major Cations and Anions, mg/L 
Ca Mg Na K Cl- SO42- 
EPA MHW 0.8 7.9 22.0 49 11 10 20 3 32 83 
SRFA 1-28-15 3.7 7.8 21.0 45 13 12 25 3 38 76 
SRFA (80ppm Fe) 2.6 7.9 20.1 40 13 12 24 6 52 76 
DC 5-22-14 3.9 6.4 20.9 48 12 11 22 6 31 29 
DC (Al) 3.7 6.3 19.9 12 13 12 29 4 49 78 
SN-03 5-22-14 3.9 6.4 20.7 106 33 29 271 21 13 42 
COG-06 6-4-14 4.2 6.3 19.8 24 12 11 33 20 5 66 
COG (Al) 3.8 6.3 20.0 12 13 12 26 3 43 79 
COG-07 6-4-14 3.7 6.4 19.8 33 12 10 36 18 5 62 
LFP-05 6-4-14 3.1 6.4 19.6 22 12 10 21 25 10 63 
SM 6-2-14 3.5 6.4 17.0 10 12 10 23 35 35 66 
SM (Al) 4.1 6.2 18.8 14 13 12 27 4 45 77 
LSK 6-2-14 4.5 6.4 18.0 48 12 10 23 11 10 66 
USK 6-2-14 3.4 6.4 21.5 8 11 9 30 15 4 64 
DC 8-15-14 2.9 6.3 20.9 22 12 10 21 18 8 63 
SN-03 8-15-14 3.3 6.1 22.4 28 11 10 25 69 43 60 
SN-02 8-15-14 1.8 6.4 23.3 26 11 10 35 17 41 57 
COG-06 8-5-14 3.7 6.3 21.6 13 12 10 21 24 18 63 
206 
 
Table D.2 Chemical Results for All DOC-Cu Binding Tests 
Fulvic Acid 
DOC, 





Major Cations and Anions, mg/L 
Ca Mg Na K Cl- SO42- 
COG-07 8-5-14  3.7 6.4 21.5 18 11 10 20 11 66 87 
LFP-05 8-5-14 3.5 6.3 21.2 13 16 14 153 6 33 84 
SM 8-27-14 3.1 6.4 21.0 Note 2 12 10 22 21 Note 2 Note 2 
LSK 8-27-14 2.9 6.2 21.1 Note 2 11 10 22 24 Note 2 Note 2 
USK 8-27-14 2.5 6.4 21.3 Note 2 11 10 22 21 Note 2 Note 2 
3ppm SRFA (0ppm HFO) 3.1 6.2 23.5 20 15 14 32 18 15 83 
3ppm SRFA (5ppm HFO) 3.1 6.3 22.3 40 16 13 31 21 32 82 
3ppm SRFA (50ppm HFO) 2.9 6.3 22.4 20 22 19 53 25 63 123 
3ppm SRFA (100ppm HFO) 3.0 6.3 21.3 20 25 21 60 25 79 140 
Note 1: Samples were accidentally discarded. 
Note 2: Samples were accidentally acidified. 
 
 
